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Modulating the Semantic System: The role of Bilateral Anterior Temporal Lobes in 
Confrontation Naming- A Combined tDCS and Eye-Tracking Study 
Adviser: Professor Loraine K. Obler 
Confrontation naming is a complex process that involves multiple stages and can be 
initiated through multiple modalities. Models of confrontation naming have implicated areas 
such as the anterior temporal lobe (ATL) and temporo-parietal junction (TPJ) for the semantic 
stage of naming. Transcranial direct current stimulation (tDCS) was used to modulate neural 
excitability in the bilateral ATLs and the TPJs to understand brain-behavior relationships 
involved in the semantic stage of confrontation naming.  Effects of tDCS are often very small or 
non-existent when measured by reaction times and accuracy. Therefore the present study used 
more sensitive eye-tracking measures (first fixation duration and fixation time) in combination 
with reaction times to measure the effect of tDCS.  
Twenty-four neurologically healthy native English speakers ranging in ages 18-30 took 
part in the study. Participants named 120 pictures and six-digit numbers both pre and post tDCS 
in three different sessions.  Three sessions corresponded to three different brain regions targeted; 
bilateral ATLs, bilateral TPJs and Motor Cortex (MC) which served as a control site. 
Analysis of eye-tracking and behavioral data revealed that application of tDCS over the 
bilateral ATLs increased first fixation duration and fixation time but decreased naming latencies. 
The results from the present study thus confirm the role of bilateral ATLs for the semantic stage 
of naming. However, no evidence for the role of TPJs for the semantic stage of naming was 
found. The present study also provides further support for the efficacy of tDCS and suggests that 
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Chapter 1: Introduction 
1.1 Confrontation Naming 
Confrontation naming is a complex process that involves multiple stages and can be 
initiated through multiple modalities (e.g., visual, auditory, olfactory and tactile).  For example, 
an ‘elephant’ can be recognized and named by hearing the animal trumpet or by looking at the 
animal’s picture.  In order to appropriately name an object from its picture, multiple component 
processes from picture recognition proceeding through lexical access and form encoding must 
occur (Gleichgerrcht, Fridriksson, & Bonilha, 2015; Hillis, 2015; Indefrey & Levelt, 2004; 
Murtha, Chertkow, Beauregard, & Evans, 1999).  Though the stages of confrontation naming 
interact with each other, each stage has discrete neural mechanisms; they can be individually 
impacted, for example, by damage to different brain regions (DeLeon et al., 2007; Humphreys & 
Riddoch, 2006; Schwartz et al., 2009).   
1.2 Neural Correlates of Different Stages of Visual Confrontation Naming 
1.2.1 Visual Perception 
Recognizing an object as something familiar depends upon intact visual perception.  
Visual perception involves identifying an object in relation to various physical components, 
including global/local form, size, shape, and color and is linked to brain areas in the visual 
cortex.  Damage to areas in secondary visual association cortex can lead to visual agnosia in 
which object recognition is impaired but general visual processing is intact (e.g., tracking 
movements) (Benson & Greenberg, 1969; Hillis, 2015; Leek, Patterson, Rafal, & Cristino, 





Individuals with apperceptive agnosia have difficulties in object perception and recognizing 
items as being familiar (Grossman, Galetta, & D'Esposito, 1997; Vecera & Gilds, 1998; 
Warrington & James, 1988).  They also have difficulty in copying drawings of objects and 
comparing similar objects.  Apperceptive visual agnosia is linked to damage in the bilateral 
occipital and occipital temporal areas (Brodmann areas (BA), 17, 18, 19) (see Hillis, 2015 for 
review ).   
By contrast, individuals with associative agnosia have no problems with lower level 
aspects of visual perception but instead have difficulties with linking perception to meaning 
(Farah, 1991, 2004; Hillis, 2015).  Individuals with associative agnosia can successfully draw 
objects they cannot name and also can compare similar objects.  Damage to the junction of the 
posterior inferior temporal lobe and occipital regions bilaterally (BAs, 18, 19, 37) is linked to 
associative agnosia (see Hillis, 2015 for review).  Patients with visual agnosia can name objects 
if presented in non-visual modalities (e.g., auditory) suggesting their lexical and semantic 
processes are intact (Farah, 1991; Hillis, 2015).   
1.2.2 Lexical Access  
After an object has been recognized and identified, an abstract morphosyntactically-
specified word form representation must be selected before one articulates, writes, or signs the 
name of the object.  Multiple brain regions are involved in this process of lexical selection 
including the posterior portions of the temporal cortex, angular gyrus (AG), and the inferior 
frontal gyrus (IFG) (e.g., Gleichgerrcht et al., 2015).  Older individuals often experience the tip 
of the tongue phenomenon whereby they know what the object is but cannot name it (Burke & 
Shafto, 2004; Shafto, Burke, Stamatakis, Tam, & Tyler, 2007).  When a phonemic cue is 





but lexical access is impaired in older individuals (e.g., Nicholas, Obler, Albert, & Goodglass, 
1985).   
In the case of picture naming, multiple stages such as visual perception and lexical access 
are involved before one articulates the actual name of the object.  However, there are cases 
where brain regions responsible for both the visual perception and lexical access are not 
damaged but individuals still cannot produce a name.  Naming impairments in such cases occurs 
when an object is recognized but no conceptual knowledge is attached to it.   
1.2.3 Semantic Processing  
In order to attach meaning to an object, conceptual knowledge about that object must be 
accessed from semantic memory.  Semantic memory is the store of general world knowledge that 
we have about objects, concepts, facts, and beliefs (Yee, Chrysikou, & Thompson-Schill, 2013).  
For example, when looking at a picture of an elephant, the knowledge that elephants have ivory 
tusks comes from semantic memory.  Studies have implicated multiple brain regions such as the 
anterior temporal lobe (ATL) and the angular gyrus (AG) in semantic memory (Binder, Desai, 
Graves, & Conant, 2009; Lambon Ralph, Pobric, & Jefferies, 2009; Seghier, 2013; Visser, 
Jefferies, & Lambon Ralph, 2010).  The ATL includes the temporal poles (BA 38, anterior tip of 
the temporal lobe), anterior aspects of superior, middle, and inferior temporal gyri (BA 22, 21, 
20) as well as the anterior fusiform gyri (Bonner & Price, 2013; Mion et al., 2010; Visser et al., 
2010; Wong & Gallate, 2012).  The AG (BA 39) is in the posterior part of the inferior parietal 
lobule (see Seghier, 2013 for review).  The AG has also been known as the temporo-parietal 
junction (TPJ), posterior middle temporal gyrus (pMTG), temporal-parietal- occipital cortex, and 
inferior parietal lobule due to lack of consensus on the anatomical boundaries that define the 





Damage to the ATL in semantic dementia (SD) and to the AG in transcortical sensory aphasia 
(TCSA) causes profound damage to semantic memory which results in semantic impairments 
(see sections  1.2.5 & 1.2.6 ) (Ardila, 2010; Patterson, Nestor, & Rogers, 2007; Reilly, 
Rodriguez, Lamy, & Neils-Strunjas, 2010).   
1.2.4 Semantic Memory  
Semantic memory and episodic memory are two components of the declarative memory 
system (L. R. Squire, 1987, 2004; Wiggs, Weisberg, & Martin, 1998).  Episodic memory is the 
memory for specific autobiographical events or experiences (L. R. Squire, 1987; Tulving, 1985).  
In 1985, Tulving classified episodic memory as a memory store of, “temporally dated episodes 
or events, and the temporal-spatial relations between them” (Tulving, 1985).  For example, 
remembering the specific contextually-bound experience of riding an elephant in India on one’s 
40th birthday would be classified as recalling an event in episodic memory, assuming one 
remembered it!  However, the general knowledge we share about elephants’ trunks would be 
classified as semantic memory.  Semantic memory is the general world knowledge we have 
about concepts, words, facts, beliefs, and objects (McCarthy & Warrington, 2015; Tulving, 1972; 
Elizabeth K. Warrington, 1975).  It is culturally shared and is necessary for the use of language 
(Hodges, Patterson, Oxbury, & Funnell, 1992; Tulving, 1972).   
Semantic and episodic memory, though different, are integrally related to each other.  
One view is that episodic memory is dependent upon semantic memory (Tulving, 1972, 2002).  
For example, people can only talk about an experience with an elephant if they have learned 
what an elephant is.  In contrast, others maintain that semantic memory is dependent upon the 





information about the specific events associated with acquisition of conceptual knowledge is lost 
and only factual knowledge remains (Gluck, Mercado, & Myers, 2013).   
The interdependence between these two types of memories has led some to criticize the 
episodic and semantic memory distinction (Greenberg & Verfaellie, 2010; McKoon & Ratcliff, 
1986).  Neuropsychological data from patient populations, however, point to the existence of two 
separate memory components.  Patients with damage to medial temporal lobes (MTL) have 
severe episodic memory deficits.  They cannot recall information about events prior to or after 
the damage to the MTL but their conceptual knowledge is preserved (Eichenbaum, Sauvage, 
Fortin, Komorowski, & Lipton, 2012; L. Squire & Zola-Morgan, 1991).  For example, Schmolck 
et al. (2002) investigated the effects of damage to the MTL and the anterolateral temporal cortex 
on semantic knowledge in amnesic patients.  Their study had two patients with lesions to the 
hippocampus, three patients with lesions to the MTL and parts of the anterolateral temporal 
cortex due to herpes simplex encephalitis virus (HSVE), and a patient who had MTL resection 
(minimal damage to the anterolateral temporal cortex) due to epilepsy.  They found amnesic 
patients with damage to the MTL performed similarly to healthy participants on tests of semantic 
memory despite having an impaired episodic memory (Schmolck, Kensinger, Corkin, & Squire, 
2002).   
By contrast, patients with damage to the MTL and parts of the anterolateral temporal 
cortex had mild semantic impairments.  The patient post MTL resection was impaired on a few 
tests of semantic knowledge due to some damage to the anterolateral temporal cortex. However, 
this patient performed better overall on semantic memory tasks than the HSVE patients.  In 
addition, there seems to be a relationship between impairment in semantic knowledge and the 





studies strongly support the existence of two separate memory components that relate to each 
other (Schmolck et al., 2002; L. R. Squire, 2004).  Regardless of the relationship between 
semantic and episodic memory, semantic memory appears to be the most important memory for 
the semantic stage of naming and for subsequent word production to occur.  Successful naming 
can only occur if conceptual knowledge about an object has been accessed from semantic 
memory.  Damage to regions of the brain responsible for semantic memory can lead to profound 
deficits in attaching meaning to an object.  Thus it is important to understand what brain regions 
contribute to semantic memory. 
1.2.5 The Role of the Temporo-Parietal Junction in Semantic Memory 
The classical model of language organization was proposed by Wernicke and Lichtheim 
in in the last quarter of the 19th century and revised by Geschwind in the 1960s (Geschwind, 
1965).  In the Wernicke and Lichtheim model, Broca’s area was responsible for language 
production, Wernicke’s area for language comprehension, and a third area for semantic 
processing (Figure 1).  Geschwind later proposed that the AG plays a prominent role in linking 
objects with their semantic representations.  This is due to the AG having connections with 
visual, auditory, and somatosensory association areas as well as independence from limbic 
structures (see Seghier, 2013 for review).  Based on functional and neuropsychological data, the 
AG was included as an area for semantic memory in Price’s (2000) updated model of language 
organization (Price, 2000).   Additional support for the role of the AG in semantic memory also 
comes from numerous fMRI studies (see Binder et al., 2009; Vigneau et al., 2006 for review).  
 In a meta-analysis of 120 fMRI studies, Binder et al. (2009) found the most activation in 
the left AG with less activation in the right AG for tasks that assessed semantic memory.  For 





pseudowords (Binder et al., 2009).  Additionally, Humphries, Binder, Medler, and Liebenthal 
(2007) demonstrated that during auditory sentence comprehension, the AG showed late 
activation at the end of the sentence only when constituent words of the sentence formed a 
cohesive concept. Based on their meta-analysis, Binder et al. (2009) proposed that the bilateral 
AGs are important in concept retrieval and concept integration.   
Studies in patient populations also support the importance of the AG in semantic 
memory.  Although focal lesions to the AG are rare, Ardila et al. (2000) reported a 58 year old 
with an ischemic lesion restricted to the left AG.  The patient had semantic impairments as 
reflected in his naming performance (Ardila, Concha, & Rosselli, 2000).  In addition to focal 
lesions to the AG, studies on patients with transcortical sensory aphasia (TCSA) implicate the 
broader temporal-parietal-occipital junction areas including the inferior AG in semantic memory 
(see Kemmerer, 2014 for review ).  Patients with TCSA have intact repetition but impaired 
comprehension and naming.  The maintenance of repetition abilities in these patients suggests 
intact phonology but impaired semantic processing (e.g., Ardila, 2010).  The evidence 
implicating the TPJ (including the AG) in semantic processing also fits within the dual stream 
model of language processing (Hickok & Poeppel, 2007).  In this model the ventral stream is 
involved in mapping sound to meaning and the dorsal stream is involved in mapping sound to the 
motor output components of speech articulation (Hickok & Poeppel, 2000, 2007).   
Although evidence exists supporting the role of TPJ regions in semantic memory, 
evidence suggesting the contrary also exists.  Damage to the bilateral anterior temporal lobes in 
semantic dementia, the semantic variant of Primary Progressive Aphasia, also causes profound 
impairments in semantic memory (Gorno-Tempini et al., 2011; Hodges, Bozeat, Ralph, 





et al., 2006). Historically, little attention was paid to the anterior temporal lobes and their 
relationship to semantic memory since they were not included in the classical models of 
language organization (Mesulam et al., 2014; Lambon Ralph, 2014).  However, this changed 
with the discovery of semantic dementia and its impact on semantic memory.   
1.2.6 The Role of the Bilateral Anterior Temporal Lobes in Semantic Memory  
1.2.6.1 Semantic Dementia  
Warrington (1975) was one of the first researchers to describe selective impairments in 
semantic memory while other language and cognitive functions were intact.  She documented 
three patients in their late 50s and 60s who had substantial cortical atrophy in the area of the 
anterior temporal lobe (ATL).  Though the patients’ language abilities (e.g., phonology and 
language syntax), verbal reasoning, working memory, and visual perception were intact, they 
performed poorly on object naming tests (Warrington, 1975).  The only consistent pattern that 
emerged in the three patients was the loss of factual knowledge about different objects which 
lead to poor naming ability.  This led Warrington to suggest that these patients had impairment in 
semantic memory which she classified as, “a common pool of knowledge not unique to the 
individual” (Warrington, 1975).  It was Snowden, Goulding, and Neary (1989), however, who 
coined the term “Semantic Dementia”. 
Semantic Dementia (SD) is classified as a variant of frontotemporal dementia (FTD), 
which is the second most common dementia behind Alzheimer’s disease (AD) in adults below 
the age of 65 (Reilly et al., 2010).  Patients with SD have relatively preserved episodic memory, 
executive functions, and visual-perceptual and spatial skills (Hodges et al., 1992; Mesulam, 
Grossman, Hillis, Kertesz, & Weintraub, 2003; Neary et al., 1998).  Additionally, language 





abilities and single word comprehension (Gorno-Tempini et al., 2011; Lambon Ralph, 
McClelland, Patterson, Galton, & Hodges, 2001; Ralph, Graham, Ellis, & Hodges, 1998).  Thus 
the core features of SD are the impairment of naming and single word comprehension (Gorno-
Tempini et al., 2011).   
Naming impairments in SD are multimodal; patients show difficulties in naming objects 
in visual (picture naming), auditory (naming from a sound), and olfactory (naming from smell) 
domains (Bozeat, Lambon Ralph, Patterson, Garrard, & Hodges, 2000; Gorno-Tempini et al., 
2011; Hodges et al., 2000; Luzzi et al., 2007).  Furthermore, patient data suggest that naming 
impairments worsen in tandem with disease progression (Hodges, Graham, & Patterson, 1995).  
One patient was tested on four occasions over the course of 18 months.  In that time his accuracy 
on picture naming declined from 35% to 0.1% (Hodges et al., 1995).  The error patterns of the 
patient over the course of 18 months revealed a gradual loss of semantic knowledge eventually 
leading to complete degradation of his semantic memory.  This gradual degradation of semantic 
knowledge in SD has been consistently reported; patients’ errors progress from circumlocutions 
to category coordinates (e.g., dog for cat) to superordinate labels (e.g., animal for cat) and 
eventually manifests as inclusion of no information about the items at all (Hodges et al., 1995; 
Hodges & Patterson, 2007). 
The semantic impairment of SD patients has also been reported in tasks such as delayed 
drawing of objects from their pictures and matching objects to their sounds (Bozeat et al., 2003; 
Bozeat et al., 2000).  Bozeat et al. (2003) found that when drawing living things and artifacts, SD 
patients omitted distinctive features of the items (e.g., hump on a camel).  Drawings of living 





like.  The evidence of homogeneous semantic impairments in different modalities in SD suggests 
that there is a central store for semantic/conceptual knowledge (semantic memory). 
In the early stages of SD the ATL atrophy is asymmetrical (left > right) but as the disease 
progresses the ATL atrophy and hypometabolism are bilateral (Acosta-Cabronero et al., 2011; 
Guo et al., 2013; Hodges & Patterson, 2007; Nestor, Fryer, & Hodges, 2006; Ralph et al., 2010; 
Sealy et al., 2005; Snowden et al., 1989; Yang 2012).  In a volumetric study of 6 patients with 
SD, Mummery et al. (2000) found cortical atrophy in the temporal poles bilaterally (left more 
than the right) (Brodmann area (BA) 38), the inferolateral temporal lobe (BA 20/21), and the 
fusiform gyrus.  Additional damage in the ventromedial frontal cortex and the amygdala was also 
found (Mummery et al., 2000).  Moreover, a recent meta-analysis of gray matter abnormalities in 
SD also implicated the bilateral temporal pole and the inferolateral temporal lobes (Yang, 2012).   
The findings from SD implicate the bilateral ATLs in semantic memory with 
asymmetrical atrophy in the early stages of the disease. Relying on evidence only from SD, 
however, is problematic as SD is a neurodegenerative disease.  It is possible that atrophy exists 
in other brain regions crucial for semantic memory.  The damage however, may be below a 
certain threshold rendering the damage invisible to structural brain scans.  Furthermore the 
severity of semantic impairments increases in the later stages of the disease when multiple brain 
regions beyond the bilateral ATLs are atrophied (e.g., Simmons & Martin, 2009).  Thus it is 
important to rely on evidence other than SD to implicate the bilateral ATLs in semantic memory.   
1.2.6.2 Alzheimer’s disease and Herpes Simplex Virus 
Further evidence for the role of bilateral ATLs also comes from Alzheimer’s disease 
(AD).  AD is a neurodegenerative disease that generally impacts episodic memory and other 





might be subtle in the early stages of the disease (Chertkow & Bub, 1990; Domoto-Reilly, 
Sapolsky, Brickhouse, & Dickerson, 2012).  A recent study of 145 patients with early AD 
showed naming impairment was significantly correlated with cortical thinning of the left 
temporal pole and associated ventrolateral temporal regions in the left ATL (Domoto-Reilly et 
al., 2012).  Thus the relatively circumscribed atrophy of the left ATL even in early stages of AD 
suggests a loss in semantic memory that causes naming impairments.   
Additional evidence for the importance of the bilateral ATLs in semantic memory also 
comes from herpes simplex virus encephalitis (HSVE).  Herpes simplex virus encephalitis 
(HSVE) is viral encephalitis that causes significant permanent impairment in episodic memory 
due to damage to medial temporal structures including the hippocampus (Noppeney et al., 2006; 
Patterson et al., 2015).  Some patients also have deficits in executive functions and to a lesser 
extent in semantic memory.  When semantic memory deficits occur in HSVE patients, damage 
extends to the bilateral ATLs (Noppeney et al., 2006; Ralph, Lowe, & Rogers, 2007). 
Though studies of both AD and HSVE support the role of ATL in semantic memory, 
certain issues still arise.  For example, though bilateral ATLs are damaged in AD and HSVE, 
only mild semantic impairments are observed compared to SD.  Furthermore, HSVE does not 
show global semantic impairments which are a key hallmark of semantic impairment in SD.  
Finally AD, like SD, is a neurodegenerative disease which makes it difficult to define a single 
brain region responsible for semantic impairment.  Thus further evidence from healthy 
individuals who show bilateral ATL activation for semantic tasks in functional imaging can test 





1.2.6.3 Functional Neuroimaging 
In a meta-analysis of 174 functional neuroimaging studies, Visser et al. (2010) found that 
both pictures and words activated the left and the right ATL with no difference in activation 
between the two hemispheres.  Furthermore, they found that the ATL was activated regardless of 
whether the stimuli were verbal or non-verbal (Visser et al., 2010). This suggests that the 
bilateral ATLs are crucial for semantic memory regardless of the type of task (e.g., naming and 
semantic judgments) or modality.  
Additionally, a recent functional magnetic resonance imaging (fMRI) study by Visser & 
Ralph (2011) in healthy individuals showed the involvement of both the left and right ATL 
regions for semantic memory.  Their study employed semantic tasks based on auditory words, 
pictures, and environmental sounds.  Their results showed the left superior part of the ATL is 
specialized for auditory words and environmental sounds while bilateral ventral ATL is 
specialized for auditory sounds, pictures and environmental sounds (Visser & Ralph, 2011).  The 
results of both the Visser et al. (2010) meta-analysis and other studies (e.g., Binney et al., 2010; 
Visser & Ralph, 2011) are consistent with the findings from SD and HSVE whereby global 
semantic impairment is associated with damage to the bilateral ATLs. 
1.2.6.4 Transcranial Magnetic Stimulation (TMS) 
Another methodology used to investigate the role of ATLs in semantic memory is 
transcranial magnetic stimulation (TMS).  Repetitive TMS (rTMS) provides a temporary and a 
reversible period of brain disruption or “virtual lesion”.  The effect of this virtual lesion can 
inform us how a specific brain region is necessary for a given function (Pascual-Leone, Walsh, 





The use of rTMS is especially important in understanding the role of bilateral ATLs due 
to the ability to specifically target the ATL and mimic mild SD.  Multiple studies (e.g., Lambon 
Ralph, Pobric, & Jefferies, 2009; Pobric, Jefferies, & Ralph, 2007) have investigated the role of 
the bilateral ATLs in semantic memory using TMS.  Pobric et al. (2007) applied rTMS over the 
left ATL and found a significant reduction in reaction time for both picture naming and a 
synonym judgement task.  However, no effect of rTMS was found either on the number naming 
or the number synonym task (Pobric, Jefferies, & Ralph, 2007).  The behavioral outcomes 
produced by rTMS to ATL in healthy patients mirrored those with SD whereby semantic 
memory and not number quantity knowledge is disrupted (Jefferies et al., 2004).   
To further assess the role of bilateral ATLs in semantic memory, Lambon Ralph et al.  
(2009) applied rTMS to both the left ATL and the right ATL to participants while the 
participants did a synonym judgement task and a number judgement task.  They found the 
synonym judgement task reaction times increased when either the left or the right ATL was 
stimulated (Lambon Ralph et al., 2009).  No effect of TMS on the number-judgment task was 
observed.  Thus these findings strengthen the notion that bilateral ATLs are involved in semantic 
memory.   
1.2.7 Semantic Hub Theory 
The convergent evidence from SD, AD, HSVE, and fMRI and TMS in healthy 
populations all points to the role of bilateral ATLs in semantic memory.  The ATLs appear to be 
involved in semantic memory regardless of the input modalities (e.g., visual, auditory).  The 
transmodal nature of the bilateral ATLs is best captured by the Distributed-Plus Hub theories that 
designate bilateral ATLs a single semantic hub (Patterson et al., 2007; Ralph, 2014; Rogers et al., 





Rogers et al. (2004) implemented a computational parallel distributed processing model 
that showed the brain needs an interconnected central hub.  The hub binds information from 
different modalities to form a whole concept (Figure 3 ).  Their work builds upon the Wernicke-
Meynert Distributed Only Framework which suggests that concepts might be formed by directly 
linking different types of modality-specific information (e.g., an object’s color, texture, and 
shape) that arise in corresponding sensory and motor areas (Figure 4) (Ralph, 2014).  However, 
according to Rogers et al. (2004) and others (e.g., Patterson et al., 2007; Rogers et al., 2004) the 
distributed-only view of semantic memory cannot sufficiently answer how coherent concepts are 
formed and how generalization across concepts is achieved.  For example, we encounter new 
exemplars of objects (e.g., a new cup) or existing exemplars change over time (e.g., the handle of 
your cup breaks) but we can still easily classify the objects as ‘cup’ even though we have never 
encountered such specific exemplars before.  In order for such higher order generalization to 
occur, there needs to be some central area that holds information about semantic relatedness.   
Reilly et al. (2011) have proposed that the semantic hub strips away modality specific 
features of sensorimotor and linguistic salience.  The hub binds information from different 
modalities and stores the information in sparse representations through a process similar to that 
in episodic memory.  Having sparse representations in the hub would make generalizations 
across different exemplars easier; enough details would be readily available to make such 
generalizations (Reilly, Peelle, Antonucci, & Grossman, 2011).  
Furthermore, according to the distributed-only view of semantic memory, semantic 
memory impairments should occur when there is damage to the sensory and motor areas.  
However, the evidence previously discussed showed that focal damage to the ATL, which is far 





computational model also showed that damage to the hub produced deficits similar to those in 
SD.   
Building upon the computational model of Rogers et al. (2004), Schapiro et al. (2013) 
also demonstrated the role of bilateral ATLs as a hub for semantic memory.  Crucially, they 
showed that unilateral damage to the ATL only produces mild semantic deficits while bilateral 
damage to the ATLs produces profound semantic deficits similar to those found in SD and 
HSVE. Thus the bilateral ATLs are crucial for semantic memory and can be seen as a hub that 
binds information from different modalities to form cohesive concepts in semantic memory. 
1.2.8 The ATL and Unique Entities  
The necessity of the bilateral ATLs as a hub for integrating domain general semantic 
information from different modalities has been challenged by studies that have found left ATL 
involvement in processing of unique concrete entities (e.g., proper names) (Damasio, Grabowski, 
Tranel, Hichwa, & Damasio, 1996; Damasio, Tranel, Grabowski, Adolphs, & Damasio, 2004; 
Tranel, Damasio, & Damasio, 1997).  In this view the left ATL is a convergence zone that serves 
an intermediate role between conceptual knowledge retrieval and word retrieval for unique 
concrete entities while the right ATL is involved in conceptual retrieval (Damasio et al., 2004). 
The left ATL has been suggested to be important for processing and retrieving words for 
unique concrete entities  such as naming famous persons  (e.g., naming the president by looking 
at his picture) and famous landmarks (see Tranel, 2009 for review).  Naming unique entities 
requires the access to specific information about that entity.  This involves additional processes 
since naming unique items is harder than naming common items (see Semenza, 2011 for review).  
Damage to left ATL creates impairment in retrieving the names of familiar (e.g., one’s child) and 





By contrast, damage to the right temporal pole has shown to result in loss of familiarity 
and of the ability to retrieve person-specific information when naming faces compared to proper 
naming deficits (Gainotti, 2007).  For example, Tsukiura et al. (2006) showed a difference 
between left and right temporal lobe activation for unique entities.  In their study participants had 
to learn semantic information about people (occupation and names) from photographs. They 
found that the right ATL was activated when people’s names were retrieved from faces that were 
encoded with person-specific information while the left ATL was activated with face-name 
associations.  
The above-mentioned evidence points to the role of the left and the right ATL in only 
processing unique entities. These results are contrary to the involvement of bilateral ATLs in 
domain general semantics as reported in studies of SD, AD, HSVE, and fMRI and TMS in 
healthy populations.  The contradictory results can be reconciled by the semantic hub account. 
The semantic hub account suggests that the activity within the ATL does not depend upon the 
type of the stimuli (unique vs. non-unique) but by the type of semantic operation that has to be 
performed on them (Patterson et al., 2007).  Therefore naming a unique entity would induce a 
stronger BOLD response because it requires a more specific operation compared to a non-unique 
entity that requires a less specific operation (Ross & Olson, 2012).   
The evidence from SD, AD, HSVE, and fMRI and TMS in healthy populations all point 
to the importance of bilateral ATLs in semantic memory.  The bilateral role of the ATLs as a 
single semantic hub that binds information from different modalities makes them important for 
semantic memory and naming.  However, the role of bilateral ATLs as a single hub in semantic 





1.2.9 Evidence against the Role of ATL in Semantic Memory 
One major source of evidence questioning the bilateral ATLs importance in semantic 
memory comes from patients with ATL resection due to Temporal Lobe Epilepsy (TLE).  
Patients with ATL resection do not have significant semantic memory impairments but do show 
consistent deficits in episodic memory (e.g., Simmons & Martin, 2009).  Furthermore, naming 
impairments in the TLE patients with lesions to the ATL are category specific with more 
impairment for living things than non-living things (Antonucci, Beeson, Labiner, & Rapcsak, 
2008).  Naming performance in the TLE patients is also not severely impaired and they can 
benefit greatly from phonemic cues (Antonucci et al., 2008).  The improvement of naming in 
TLE patients from phonemic cues suggests that their semantic memory is intact.  Their naming 
impairments may arise from weakened disconnections between semantic memory and phonology 
(e.g., Antonucci, Beeson, & Rapcsak, 2004).  
Evidence from the TLE, however, cannot fully discount the bilateral ATLs as being a 
semantic hub.  It has been postulated that long term epilepsy might lead to functional 
reorganization of the brain and thus TLE patients may not be ideal patients for understanding the 
role of ATL in semantic memory ( Jefferies, 2006).  Recent evidence has bolstered this claim by 
showing evidence of altered white matter connectivity and neurotransmitter changes in TLE 
patients (Hammers et al., 2003; Powell et al., 2007).  Furthermore TLE patients go through a 
unilateral ATL resection while proponents of ATL as a semantic hub have stressed that cohesive 
concepts are formed in bilateral ATLs (Ralph, 2014).  
Further concerns of bilateral ATLs semantic memory relationship can be raised regarding 
the lack of fMRI studies that report ATL activation for tasks that assess semantic memory.  





junction and the left inferior frontal cortex in semantic memory (Simmons & Martin, 2009).  The 
reason for the lack of ATL activation in fMRI studies that assess semantic memory has been 
attributed to “signal dropout” which occurs due to magnetic susceptibility artifacts caused by the 
ear canal (Axelrod & Yovel, 2013; Devlin et al., 2000).  Imaging modalities (e.g., PET) that are 
not susceptible to signal dropout do find an ATL involvement in general semantic memory 
(Devlin et al., 2000; Visser et al., 2010).  Furthermore fMRI studies that corrected for signal 
dropout in the ATL found the ATL activation for semantic tasks (Binney et al., 2010).  However, 
the majority of these studies do not find ATL involvement for tasks assessing domain general 
semantic memory, but find ATL involvement in social cognition (e.g., famous and familiar 
faces) (Olson, McCoy, Klobusicky, & Ross, 2012; Ross & Olson, 2010; Simmons & Martin, 
2009).   
Additionally, concerns over specific targeting to brain regions have been raised regarding 
rTMS studies that found ATL involvement in semantic memory.  It has been shown that TMS 
can influence remote interconnected brain regions, thus ATL may not be solely responsible for 
changes in the semantic tasks (e.g., naming) (Ruff, Driver, & Bestmann, 2009).   
As discussed above, relying on evidence from SD is also problematic since atrophy in SD 
is diffuse.  Atrophy in SD extends beyond the bilateral ATLs into areas such as the amygdala and 
the frontal lobes (Brambati et al., 2009; Noppeney et al., 2006).  There is also subthreshold 
damage and diffuse hypometabolism that is not always apparent on standard structural brain 
scans (e.g., T1-weighted MPRAGE scan).  Thus it is possible that damage not in the bilateral 
ATLs, but rather somewhere else in the brain impacted semantic memory in these studies. 
In sum, the necessity of bilateral ATLs as a hub for semantic memory and in turn its 





semantic memory exists, evidence suggesting the contrary also exists.  Further investigation is 
needed to assess the necessity of bilateral ATLs in semantic memory and the semantic stage of 
naming.  One new technique that can be used to assess this is transcranial direct current 
stimulation.   
1.3 Transcranial Direct Current Stimulation (tDCS) 
Transcranial direct current stimulation (tDCS) is a non-invasive brain stimulation (NIBS) 
technique that applies weak direct electrical current (.5-2mA) on the scalp via two or more 
surface electrodes (anode and cathode).  It gained recognition as an instrument used to 
investigate changes in motor tasks (Nitsche & Paulus, 2000; Rosenkranz, Nitsche, Tergau, & 
Paulus, 2000).  Recent investigations, however, have also looked at its effect on cognitive and 
language tasks in healthy populations (e.g., Andrews, Hoy, Enticott, Daskalakis, & Fitzgerald, 
2011; Barbieri, Negrini, Nitsche, & Rivolta, 2016; Klein et al., 2013; Nozari, Woodard, & 
Thompson-Schill, 2014; Pisoni, Vernice, Iasevoli, Cattaneo, & Papagno, 2015, & Weiss & 
Lavidor, 2012) and in individuals with aphasia (e.g., Galletta & Vogel-Eyny, 2015; Monti et al., 
2008; Norise et al., 2013).  Although tDCS like transcranial magnetic stimulation (TMS) is a 
NIBS technique, there are key differences between them.  Transcranial magnetic stimulation 
causes neuronal firing with rapid production of electrical current through electromagnetic 
induction, whereas the mechanism of tDCS is believed to modulate the potential thresholds 
within neurons (Fregni & Pascual-Leone, 2007; Wassermann & Grafman, 2005).   
1.3.1 Basic Underlying Mechanisms of tDCS 
Transcranial direct current stimulation modulates resting membrane potential and can 
change the rates at which neurons discharge (Bikson et al., 2004; Filmer, Dux, & Mattingley, 





induced from tDCS, however, is below the threshold needed to cause an action potential (Bikson 
et al., 2004).  Research in both animals and humans has shown that the effects of tDCS are 
polarity specific (Bikson et al., 2004; Nitsche et al., 2007; Purpura & McMurtry, 1965; Reato, 
Rahman, Bikson, & Parra, 2013).  Early animal studies using direct current stimulation (DCS) 
showed that anodal stimulation increased cortical excitability due to neuronal depolarization 
while cathodal stimulation decreased cortical excitability due to neuronal hyperpolarization 
(Bindman, Lippold, & Redfearn, 1962; Nitsche et al., 2003a; Purpura & McMurtry, 1965).  
Within the deeper layers of the cortex, however, stimulation acts differently (Bolzoni, Bączyk, & 
Jankowska, 2013; Purpura & McMurtry, 1965).  The final effects of tDCS polarities also depend 
on single cell morphology, the orientation of somato-dendritic axes, and neuronal orientation 
with respect to the orientation of the electric field (Radman, Ramos, Brumberg, & Bikson, 2009; 
Rahman et al., 2013; Reato et al., 2013).   
Transcranial direct current stimulation can also change synaptic mechanisms through 
either long-term potential (LTP; a mechanism for modulation of increase in synaptic strength) or 
short term changes through membrane polarization (Nitsche et al., 2003a; Paulus, 2011).  LTP-
driven synaptic changes may be attributed to Nmethyl-D-aspartate (NMDA) receptors (an amino 
acid similar to glutamate-the brain's primary excitatory neurotransmitter) (Liebetanz, Nitsche, 
Tergau, & Paulus, 2002).  One study showed that when an antagonist against NMDA receptors 
was used the effects of cathodal and anodal stimulation to the motor cortex were suppressed 
(Liebetanz et al., 2002).  Nitsche et al. (2003a) demonstrated that sodium and calcium channel 
blockers eliminated the impact of tDCS on motor cortex.  This suggests that tDCS effects are due 





effects while changes to membrane potential due to sodium and calcium ion channels appears 
responsible for short term effects (Stagg & Nitsche, 2011).   
The direct effects of tDCS on neuroplasticity have also been observed through fMRI.  
One study showed that cathodal tDCS increased local connectivity within the primary motor 
cortex hand/arm area but not within the rest of motor cortex (Polanía, Paulus, & Nitsche, 2012).  
This would suggest that tDCS impacts functional connectivity in a specific way while leaving 
whole brain unaffected.  Although the above mentioned evidence suggests that tDCS impacts 
membrane potential and functional connectivity, their relationship to behavioral outcomes is not 
fully known (Bestmann, de Berker, & Bonaiuto, 2015).  
1.3.2 tDCS Procedure 
Transcranial direct current stimulation involves applying direct electrical current (DC) to 
the scalp.  In conventional bipolar tDCS, Direct Current is delivered through square rubber 
electrodes placed in saline soaked sponge pockets.  The sponges are soaked in saline rather than 
water to minimize skin discomfort (DaSilva, Volz, Bikson, & Fregni, 2011).  The sponge 
pockets range in size and are generally either 25cm2 (5 x 5 cm2) or 35cm2 (5 x 7 cm2).  Direct 
Current, usually 1mA (milliamps) to 2mA, is delivered via anodal (positively charged) and 
cathodal (negatively charged) electrodes.  The length of the time direct current stimulation is 
applied ranges from seconds to 40 minutes (Nitsche et al., 2008).  The majority of studies do not 
exceed 20 minutes of DC stimulation due to safety concerns (Bikson, Datta, & Elwassif, 2009).   
The current flows from the anode to the cathode with some current shunted through the 
scalp and some entering the brain (Been, Ngo, Miller, & Fitzgerald, 2007; DaSilva et al., 2011).  
The amount of current entering the brain in modelling studies has been reported to be around 





Valero-Cabre, & Pascual-Leone, 2007).  The effects of tDCS are reported to last anywhere 
between 20 minutes to an hour (Antal et al., 2004; Nitsche et al., 2008; Nitsche & Paulus, 2001).  
There are also several types of controls to verify the effects of tDCS.   
1.3.2.1 Sham-Control Condition  
Some researches use the sham condition as a control in tDCS studies.  Sham condition 
emits a brief current for few seconds and then the current is turned off for the rest of the time. 
People receiving the sham condition do not know that they are not receiving the full duration of 
stimulation because these studies are either single blind (the subject is unaware of sham vs active 
tDCS conditions) or double blind (both the subject and clinician are unaware of sham vs active 
tDCS conditions).  Sham was designed to ensure that the observed behavioral effects of tDCS are 
truly due to active tDCS stimulation and not due to a placebo effect.  During these studies, the 
subjects are asked whether they think they received sham or active tDCS and reports have 
supported the value of using sham as a control.  However, since less frequent minor adverse 
effects are reported in sham than active tDCS stimulation, Kessler, Turkeltaub, Benson, and 
Hamilton (2012) suggested the efficacy of sham may be questionable.  Due to these less frequent 
effects, other types of control conditions such as implementing a control task or including a 
control cortical site are used to help determine the effects of active tDCS stimulation.  Using an 
active control site can provide valuable guidance in interpreting whether the observed effects are 
due to particular cortical  regions being targeted (Filmer et al., 2014; Woods et al., 2016).  
1.3.3 Factors that affect tDCS Results  
1.3.3.1 Montages 
The electrode montages (electrode size and location) along with the amount of current 





(DaSilva et al., 2011; Galletta et al., 2015).  Electrode size can affect current density in different 
brain regions.  Larger electrodes have poor spatial resolution and decrease current density.  In 
contrast, though small electrodes may increase the focal nature of the current, they can also 
increase the risk of current being shunted over the scalp (Nitsche et al., 2008; Nitsche et al., 
2003).  Shunting of the current over the scalp can also occur if there is not sufficient distance 
between the edges of the electrodes.   
Another crucial factor that determines how the current affects different brain regions is 
the electrode position (Brunoni et al., 2012; DaSilva et al., 2011).  Most studies use the 10-20 
international system for electroencephalography to determine electrode positioning (e.g.,Pisoni et 
al., 2015; Ross, McCoy, Coslett, Olson, & Wolk, 2011; Ross & Olson, 2010).  It is an 
internationally accepted system that describes location of scalp electrodes in relation to 
underlying cortical areas.  The numbers “10” and “20” refer to 10% or 20% distances between 
adjacent electrodes from specific cranial reference points (nasion, inion, and pre-auricular 
points).  
The most common electrode position places an electrode over the targeted brain region 
while a second electrode is placed on either the intracephalic (e.g., supraorbital) or extracephalic 
region (neck or knee) of the body (Nasseri, Nitsche, & Ekhtiari, 2015).  Other electrode positions 
use a bilateral bi-cephalic polarity design.  In this case, one electrode (e.g., anode) is placed on 
the scalp over one hemisphere (e.g., left) and the other electrode (e.g., cathode) is placed on the 
scalp over the homologous contralateral areas (Nasseri et al., 2015).  A few studies (e.g., Klein et 
al., 2014) have also used a bilateral bi-cephalic same polarity design where similar polarity target 
electrodes are placed on homologous structures in each of the hemispheres and the return 





density and direction of the current (Galletta et al., 2015) and thus differentially modulate 
neuronal firing.  Thus careful attention needs to be paid to the montages used in tDCS.  
It is important to note that although electrode positions in tDCS are referred to as “active” 
vs “reference”, the terms can be misleading; current is flowing between both the electrodes 
(Galletta et al., 2015;  Nitsche et al., 2008).  Hence some authors have recommended the terms 
“target” and “return”  for “active” and “reference” respectively (Galletta et al., 2015; Nasseri et 
al., 2015). 
1.3.3.2 Polarity: Anodal vs.  Cathodal  
Another factor that impacts how tDCS affects various tasks is the polarity of the 
electrodes.  Anodal electrodes are deemed to cause excitatory changes due to membrane 
depolarization while cathodal electrodes are deemed to cause inhibitory changes due to 
membrane hyperpolarization (Nitsche et al., 2003a; Nitsche & Paulus, 2000).  The polarity 
dependent effect of tDCS mainly comes from studies involving the motor cortex.  In their 
seminal study, Nitsche and Paulus (2000) showed differential effects of anodal and cathodal 
polarities over the motor cortex.  They found that 1mA anodal stimulation increased motor-
evoked potentials (MEP) while cathodal stimulation decreased MEPs.  The results from Nitsche 
and Paulus (2000) and other studies (e.g., Nitsche et al., 2005) conform polarity specific effects 
of tDCS on the motor cortex. 
Though studies have found both anodal and cathodal polarity specific effects over the 
motor cortex, other studies have not found such polarity specific effects (Galea & Celnik, 2009; 
Tanaka, Hanakawa, Honda, & Watanabe, 2009).  Regardless of 1mA anodal or cathodal 
stimulation, Rosenkranz et al. (2000) found thumb movements significantly reduced 





been reported when the visual cortex was targeted (Antal et al., 2004).  For example, Antal et al. 
(2004) found that cathodal tDCS to visual motion area (V5) improved visual tracking instead of 
worsening it.   
Some of the inconsistencies between language /cognitive studies and motor studies can 
be attributed to the nature of the task used to assess tDCS effects.  For example, measures for 
motor changes such as MEPs only involve modulated motor regions (Fox et al., 2006) while 
language/cognitive tasks involve multiple cognitive networks. The anodal-cathodal discrepancies 
were further articulated in a meta-analysis by Jacobson et al. (2012).  They found 81% of the 
studies on language and cognition in healthy populations reported improvement in performance 
after anodal stimulation compared to 47% that reported inhibitory effects after cathodal 
stimulation.  The results were even more startling for language studies where 0% reported a 
cathodal inhibitory effect (Jacobson, Koslowsky, & Lavidor, 2012).   
The anodal vs. cathodal polarity distinction can be further impacted by the types of tasks 
that are done during tDCS (Antal, Terney, Poreisz, & Paulus, 2007; Nozari et al., 2014).  Antal et 
al. (2007) found that when the motor cortex was stimulated and no task was done anodal 
stimulation increased and cathodal stimulation decreased motor-evoked potentials (MEPs).  
However, when participants performed a cognitive task during stimulation, cathodal polarity 
increased the MEPs.  In contrast, when a motor task was performed, MEPs were decreased for 
both the cathodal and anodal conditions. 
The effects of anodal and cathodal polarity could also change depending upon the current 
intensity and duration.  Batsikadze et al. (2013) found both anodal and cathodal polarities applied 
at 2mA for 20 minutes increased cortical excitability.  However, cathodal stimulation at 1mA 





have been found when the duration of tDCS has been increased (Monte-Silva et al., 2011).  
Monte-Silva et al. (2011) found applying anodal tDCS for 26 minutes induces inhibition instead 
of excitation.   
Lastly the discrepancies in the effects of anodal vs. cathodal polarities could be attributed 
to the way effects are measured.  Specifically, the majority of studies that investigate effects of 
tDCS on cognition and language use behavioral measures that are not sensitive to small changes 
in performance.  Thus sensitive measures (e.g., eye-tracking) need to be used to understand how 
tDCS impacts language and cognition. 
1.3.4 Safety 
Transcranial direct current stimulation is presumed safe; published studies generally report 
at most minor skin irritation under the sponges.  In a meta-analysis of 117 studies that mentioned 
adverse effects, the most common were itching (39.3%), tingling (22.2%), headache (14.8%), 
burning sensation (8.7%) and discomfort (10.4%) (Brunoni et al., 2011).  Poreisz, Boros, Antal, 
and Paulus (2007) also found mild tingling and itching to be among the two most common 
adverse effects 102 participants reported.  Transcranial direct current stimulation is designated as 
safe when University of Gottingen protocols are generally followed (1 to 2mA current over 20 
minutes, large electrodes (25cm2-35cm2) (Bikson et al., 2009; Iyer et al., 2005; Nitsche et al., 
2003a; Nitsche et al., 2003b; Nitsche & Paulus, 2001).   
1.3.5 Transcranial Direct Current Stimulation (tDCS) and Naming 
Studies have stimulated several regions of the brain to analyze the effects of tDCS on 
naming.  When the left dorsolateral prefrontal cortex was stimulated anodal tDCS reduced 
naming latencies (Fertonani, Rosini, Cotelli, Rossini, & Miniussi, 2010).  Another study 





reduced naming latencies.  A recent study also found naming improved when cathodal tDCS was 
applied to the left AG (Malyutina & den Ouden, 2015).   
Few studies have looked at the effect of tDCS on naming when the ATL has been targeted 
(Pisoni et al., 2015; Ross et al., 2011; Ross & Olson, 2010).  Ross et al. (2010) investigated 
whether anodal modulation of the temporal poles impacted proper name recall for famous people 
and famous landmarks.  They found 1.5mA of anodal tDCS for 15 minutes over the right ATL 
and cathodal tDCS to the contralateral cheek improve proper name recall for famous persons.  
However, no effect of tDCS over the left ATL was found.  In contrast, Pisoni et al. (2015) found 
2mA of anodal tDCS over the left ATL and cathodal tDCS to the supraorbital region for 20 
minutes worsened proper name recall.   
These studies provide contradictory results regarding the role of the ATL in naming.  
Furthermore the studies only investigated proper name recall, not naming in general.  Thus no 
conclusions can be drawn on how tDCS impacts naming in general when the ATL is modulated 
by tDCS.   
The above-mentioned studies on naming do not provide conclusive evidence regarding the 
efficacy of tDCS when the ATL or the AG is stimulated.  Furthermore they do not provide any 
evidence on how tDCS can be used to assess the semantic stage of naming.  Studies that targeted 
the ATL only looked at proper names.  They also did not stimulate the ATLs bilaterally.  
Because studies targeting ATL produced contradictory results with the same polarities, a more 
sensitive outcome measure is needed to find convergent results. 
To further understand the necessity of the ATLs for the sematic stage of naming, I use a 
novel bilateral ATLs tDCS montage with sensitive eye-tracking measures to determine the 






Since the bilateral ATLs have been implicated in semantic memory by semantic dementia 
as well as fMRI, and TMS in healthy populations, it is hypothesized that applying tDCS to the 
bilateral ATLs will impact naming ability.  I hypothesize that bilateral ATLs provide the 
substrates for a single hub that is necessary for forming cohesive concepts from multiple 
sensorimotor areas.  Furthermore, I hypothesize that as a semantic hub the bilateral ATLs are not 
limited to unique entities but to general semantics and thus modulating bilateral ATLs will 
impact general naming.  For example, in order to name a fruit, multiple areas in the brain will 
activate information regarding the fruit’s color, smell, and taste.  However, having these features 
is not enough to name the fruit until a cohesive concept is formed.  As a semantic hub, the 
bilateral ATLs will bind this information into a cohesive concept before lexical retrieval can 
occur.  Thus the bilateral ATLs are integral for the semantic stage of naming.  Without bilateral 
ATLs there is no cohesive concept, and only multiple arrays of different features (e.g., color, 
smell, and taste).  
Based on the effects of tDCS on the motor cortex, it is presumed that anodal tDCS 
increases cortical excitability and improves performance while cathodal tDCS decreases cortical 
excitability and impairs performance.  Furthermore, meta-analyses on the effects of tDCS on 
language and cognition also suggest that anodal tDCS improves performance and cathodal tDCS 
impairs performance on tasks of language and cognition.  Thus, I hypothesize that anodal tDCS 
to the bilateral ATLs will improve naming performance while cathodal tDCS to the bilateral 





Chapter 2: Methods and Materials 
2.1 Participants 
Thirty-five young adults (aged 18 to 30) were recruited from the undergraduate student 
population of Temple University, Philadelphia.  All are native speakers of American English, 
and are without a specific history of developmental/learning disability and contradictions for 
tDCS, including no history of mental illness, neurological injury or disease and/or seizures.  All 
passed a vision screening (20/20) and a hearing screening bilaterally at 30 dB for 1,000, 2,000 
and 4,000 Hz (Walker, Cleveland, Davis, & Seales, 2013).  Eleven of the individuals recruited 
(Mage = 22.16 ± 2.36 SD years of age, 9 females and 2 males, 9 right handed, 2 left handed) took 
part in the stimulus norming.  The remaining twenty-four participants (Mage = 21.  19 ± 2.20 SD 
years of age, 20 females and 4 males, 23 right-handed, 1 ambidextrous) served as participants in 
this study.  
2.2 Design Overview 
Each participant underwent three days of testing and tDCS.  Testing occurred over three 
consecutive weeks on the same day and at the same time.  During each session, the first half of 
the participants (n = 12) underwent different cathodal stimulation conditions; bilateral cathodal 
ATL, bilateral cathodal TPJ, and bilateral control stimulation over motor cortex in the dorsal 
precentral gyrus.  The second half of the participants (n = 12) underwent anodal stimulation 
conditions in the same brain regions as the cathodal stimulation condition.  Thus not only did we 
target three different brain regions but we also tested both cathodal and anodal tDCS polarities 





The order in which different brain regions were targeted during cathodal/anodal 
stimulation was counter-balanced across subjects in order to deconfound the different tasks from 
practice effects.  Counter-balancing the targeted brain regions for stimulation also minimized the 
possibility of any alerting effects associated with experiencing stimulation in the very first 
session.  Participants were blind as to what site was stimulated during different sessions since 
they were not aware of the anatomical correlates of the sites targeted by tDCS.  During each 
session, tDCS was applied off-line and behavioral tasks (picture and number naming) were given 
pre and post tDCS.  The application of tDCS off-line is consistent with previous research 
showing that the cortical excitability changes induced by tDCS are maintained for a period of at 
least 30 minutes (e.g., Sparing & Mottaghy, 2008) 
Participants performed two confrontation naming tasks; a semantic task (picture naming) 
and a non-semantic control task (six-digit number naming) both pre and post tDCS.  Having a 
control task allowed us to investigate whether the effects of tDCS are limited to the targeted 
brain regions that are involved in specific tasks.   
The six-digit number naming control task was designed to have the same stimulus 
presentation and response format as the picture naming semantic task.  The control task was also 
designed to elicit similar perceptual and cognitive processes as its counterpart with the exception 
of the semantic process.   
The picture naming task and six-digit number naming task for each experiment were 
always paired and performed one after the other.  The tasks were presented in fixed order within 
each subject but the individual blocks were counter-balanced across different subjects.  The 
duration of each day’s testing was one hour1.   
                                               





Overall, each experiment used a 3 x 2 within-participant design with stimulation site (ATL 
vs. TPJ vs. MC) and the testing phase (pre- versus post-stimulation) as two within-participant 
factors.  The same 3 x 2 within-participant design was used for both anodal and cathodal 
stimulations.  The same within-participant design was used for both picture and six-digit number 
naming.   
2.3 Stimuli  
2.3.1 Picture Naming 
A total of 194 pictures from a set of 260 black-and-white line drawings were selected 
from Snodgrass and Vanderwart (1980).  The 194 pictures selected were those with naming 
agreement of greater than or equal to 80%.  These pictures with this high naming agreement did 
not have items with various possible or ambiguous names.  Random sampling was used to select 
120 pictures from the set of 194 pictures.  Using random sampling again, the 120 pictures were 
divided into 6 equal blocks, with each block containing 20 pictures.  Pictures within each group 
were also pseudo-randomized such that pictures did not appear in an alphabetical order.  Out of 
the 120 pictures selected, 39 pictures were of living things and 89 of non-living things.  All 
pictures were scaled to 500 X 500 pixels.   
Each of the six blocks was matched on Snodgrass and Vanderwart (1980) norms of name 
agreement, image agreement, image familiarity, and visual complexity.  A MANOVA revealed 
no statistically significant difference between the 6 blocks on these four measures, F (20, 369.10) 
=.909, p>.05, Wilk’s Λ =.85, partial η2 = .04.  A chi-square showed no statistically significant 
relationship between the proportion of non-living/living stimuli across the 6 blocks, χ2 (5) = 0.34, 
p >.05.   





eleven individuals who did not participate in the study took part in latency norming prior to the 
study.  A one-way ANOVA F (5, 114) = .576, p >.05) revealed no significant difference in 
naming latency among the 6 blocks.  The grand mean of all the items’ naming latencies was 
724ms. 
2.3.2 Number Naming 
The use of six-digit number naming as a control task that does not implicate semantics is 
based on the method of Pobric et al. (2007).  They found stimulating the left ATL with TMS 
slowed naming latencies of picture naming but not six-digit number naming.  Thus number 
naming was used as a control task since the present study is focusing on the role of bilateral 
ATLs in the semantic stage of confrontation naming.   
Research Randomizer (http://www.randomizer.org) was used to generate 120 random 
six-digit numbers (e.g, 105, 996- “one hundred and five thousand nine hundred and ninety six”).  
The 120 random six-digit numbers were randomly placed into 6 groups for each testing block.  
Each group contained 20 random six-digit numbers.  All images of the six-digit numbers were 
scaled to 500X500 pixels.   
Number naming latencies were calculated similar to the picture naming latencies.  
However, instead of naming all six blocks, participants named only three blocks from among the 
six which were counterbalanced across all participants.  A one-way ANOVA F (5, 114) = 9.848, 
p <.001 revealed significant difference on number naming latencies among the six blocks.  
Additional investigation was done to make sure if there were any individual six-digit numbers 
that were outliers.  Standard score transformation revealed only 6 number as outliers.  No 
individual items were excluded since the six stimuli were dispersed among different blocks.  The 





2.3.3 Defining Areas of Interest 
In order to analyze eye-tracking measures, areas of interest (AOIs) were created for both 
the picture and number stimuli.  Areas of interest were based on the data from the same 
individuals who took part in the naming latencies part of our study.  By defining AOIs based on 
the stimulus norming, the AOIs were uniformly designed and focused on salient aspects of each 
individual item (Holmqvist et al., 2011).  Furthermore, AOIs were not biased on data from 
participants who did the tDCS experiment.  Thus the AOIs in the present study were based on 
strict criteria.   
The creation of AOIs for picture naming was a two-step process.  First a 12 x 12 grid was 
created to provide information as to which area of the object participants focused most on.  
Secondly, heat maps of individual items were used to determine what the most salient features 
were in a given item (i.e., where the majority of the participants focused).  Using information 
from the 12 x 12 grid and the heat maps, a 95px X 95px square AOI was made and placed on the 
most salient part of the image (Figure 2).  The AOIs for each image were based on the grand 
mean of naming latencies (724ms) from the stimulus norming. 
For the six-digit number naming AOIs consisted of the first three digits which correspond 
to the onset of number reading.  The six-digit number AOIs were also based on the grand mean 
of naming latencies (652ms) from the stimulus norming study. 
2.4 Tasks and Procedure 
The presentation of the stimuli was delivered via the Experiment Center Software 
(Sensorimotoric Instruments, Inc, Boston, MA) and a 17” monitor.  Naming responses were 





emitted a 250Hz pure tone at the picture stimulus onset.  The 250 Hz pure tone was also recorded 
to allow for offline naming latency calculation.   
On the first day of the testing, participants were screened for both vision and hearing.  
Participants also had to fill in a background questionnaire that included questions about their 
language use and handedness (See Appendix A).  Before beginning any of the experiments, each 
participant’s head was placed on a chin rest in front of the eye-tracker and each participant’s eyes 
were calibrated for eye-tracking purposes (see section 2.4.2).  The tDCS electrode montage was 
fitted before beginning the testing so any effects of anxiety on testing would be minimized (see 
section 2.4.3 for tDCS montage details).  Participants were familiarized with the experimental 
stimuli and all their questions and concerns were addressed.  This was followed by the first (pre-
stimulation) round of experimental testing which lasted approximately 5 minutes.  Then 20 
minutes of off-line tDCS was administered during which the participants were engaged in 
minimal conversation by the experimenter.  The conversation focused on “small talk” (e.g., what 
the participants were planning to do after the experiment).  After the 20 minutes of off-line 
tDCS, the second (post-stimulation) round of experimental testing began which also lasted 
approximately 5 minutes.   
At the end of each day’s session, participants completed a tDCS sensation rating scale, 
which asked them to rate the duration and intensity of sensation including pain, itchiness, 
burning, heat, pinching, iron taste, phosphine perception and fatigue (See Appendix B and Table 
1).  At the end of the third and last session, participants filled in the end of the study 
questionnaire which asked them to indicate on which of the 3 days they believed they received 





2.4.1 Confrontation Naming 
Each round of confrontation naming was comprised of two blocks, one of picture naming 
and one of number naming.  Number naming always followed picture naming.  The order of the 
confrontation naming blocks was counterbalanced.  In each block there were 20 experimental 
trials.  Each trial consisted of a fixation cross at the top center of the screen for 1500ms.  The 
black-and-white line drawing picture was then presented in the center middle of the screen for 
3000ms accompanied at onset by a brief 250Hz pure tone, followed by a blank white screen for 
500ms.  The number naming followed the same procedure except it was presented in the center 
middle of the screen for 3500ms.  Participants were asked to name the picture/number as quickly 
and accurately as possible.   
2.4.2 Eye-Tracking 
Participants’ eye movements were tracked using a remote desktop-mounted eye-tracker 
with an infrared camera (SMI iView X RED eye-tracker, Sensorimotoric Instruments, Inc.).  The 
eye tracker samples binocular eye movements at a rate of 120Hz with spatial resolution < 0.03°.  
The eye-tracker is housed in a quiet, windowless room under constant fluorescent lighting.  
Participants were positioned on an optical chin-rest 60 to 70 cm away from the infrared sensor 
and a 17” monitor.  A 5-point calibration and validation procedure was conducted whereby the 
participants tracked moving dots across the screen.  The eye-tracker was considered well 
calibrated when the fit between the target dots and observed movement was <0.5°of visual angle.  
After the calibration and validation were established, participants began the experiment. 
2.4.3 Transcranial Direct Current Stimulation (tDCS) 
Transcranial direct current stimulation was applied using a 9V battery-driven constant 





within 5 x 5 cm saline-soaked sponges for the target electrodes.  The return electrode was 
covered within a 5 x 7 cm saline soaked sponge.  Larger electrode size was used as a return 
electrode to decrease its effectiveness (DaSilva et al., 2011). Both anodal and cathodal polarities 
of tDCS were used in our study.   
In both the cathodal and anodal stimulation conditions, electrodes were centered over the 
target sites and the return site and held in place by means of a customized EASYCAP 10/20 
placement cap (http://www.easycap.de).  For example, for the ATL cathodal stimulation 
condition, cathodes were placed over both T3 and T4 electrode locations using the international 
10-20 system as a method for determining electrode placement (Jasper, 1958), and the anode was 
placed on the midline of the supraorbital area.  For the TPJ cathodal stimulation condition, 
cathodes were placed over both the P3 and P4 electrode locations, and the anode was centered 
over the inion of the occipital bone.  For the cathodal control site stimulation, cathodes were 
placed over C3 and C4 corresponding to the motor cortex in the dorsal precentral gyrus (MC) 
and the anode was placed on the midline of the supraorbital region. 
Half of the participants’ (n=12) were administered tDCS using a montage where there 
were two cathodes:  one over the left and one over the right target brain region, and one anode 
placed on the midline of the supraorbital region.  The other half of the participants (n=12) were 
administered tDCS using a montage where there were two anodes: one over the left and one over 
the right target brain region, and one cathode placed on the midline of the supraorbital regions.  
These 2 x 1 montages were made possible using a Soterix Medical Passive Splitter (model no. 
PS1224B).   
Our bilateral montage design was based on the notion that semantic memory implicates 





naming, we had to target both of the ATLs.  One previous tDCS study that investigated bilateral 
involvement of brain regions for different cognitive processes also used a similar montage (Klein 
et al., 2013). However, they used two return electrodes in their study while the present study 
used one.  
At the beginning of the tDCS stimulation, current was increased slowly during the first 
30 seconds until the stimulation threshold of 2.0 mA was reached (a phenomenon called ‘ramp-
up’).  The initial ramp-up of current also acclimated the participants to the itching sensation that 
tDCS stimulation can cause.  The current was decreased to 0 mA during the last 30 seconds of 
the stimulation (ramp-down).  Between the ramp-up and ramp-down constant direct current of 
2.0 mA was applied for 20 minutes. The effects of tDCS on cortical excitability have been 
reported to last around 90 minutes when the motor cortex was modulated for 13 minutes (e.g., 
Nitsche and Paulus, 2001). Furthermore tDCS-induced changes on behavioral performance have 
been reported to last around 30 minutes (Vines et al., 2006). Therefore the tDCS effects in this 
study should last the entire 5 minutes of the experimental tasks since we applied tDCS for 20 
minutes.  
Additionally, the current density at the electrodes over the target brain regions was 0.04 
mA/ cm2 (=1 mA/ 5x5 cm).  This current density at our active electrodes was more than the 
minimum of 0.017 mA/ cm2 required to modify cortical excitability in humans (e.g., Nitsche and 
Paulus, 2000; Klein et al., 2013).  Furthermore, computational stimulation of current flow 
showed that the areas targeted by tDCS had high electric field intensity that can cause behavioral 







Chapter 3: Analysis and Results 
3.1 Experimental Analysis Overview  
As discussed in section 2.2 each experiment used a 3 x 2 within-participant design.  
Stimulation sites (bilateral ATL, bilateral TPJ, and bilateral MC) and tDCS testing phase (pre 
versus post stimulation) were the two within-participant factors.  The same 3 x 2 design was used 
for both the cathodal and anodal stimulation as well as for the picture naming and control six-
digit number naming tasks.  
3.1.1 Behavioral measures 
An object name was counted as correct if the participant named the item correctly or used 
a widely accepted synonym.  As previously stated items that included fillers, false starts, self-
revisions were dropped from further analysis.  Correct naming onset latencies (in milliseconds 
(ms) were analyzed by visually inspecting the speech waveform and listening to the words using 
Audacity 2.03 software (Mazzoni & Dannenberg, 2000).  The onset of naming latencies 
consisted of the latencies between the presentation of the picture accompanied by a 250 Hz pure 
tone and onset of the item name.  The same procedure was used for number naming.  
3.1.2 Eye-Tracking Measures 
The effect of tDCS on the first fixation duration (FFD, i.e., the duration of the first 
fixation in the AOI) and the total fixation time (i.e., sum of the fixation durations inside an AOI) 
were analyzed.  Fixation durations are generally associated with cognitive processes such as 
identification and recognition with longer fixation durations associated with more deeper and 





3.1.3 Experimental Data Analysis 
To address the effects of tDCS on confrontation naming tasks, both behavioral and eye-
tracking measures were analyzed.  The dependent measures were first fixation duration (FFD) 
(eye-tracking), fixation time (eye-tracking), and naming onset latency (behavioral). We 
performed two separate 3 x 2 within-participant repeated measures ANOVA for the cathodal and 
anodal tDCS.  Separate 3 x 2 within-participant repeated measures ANOVAs were also 
performed for both the object picture naming and six-digit number naming tasks.  The 3 x 2 
within-participant factors were stimulation site (ATL, TPJ, and MC) and testing phase (pre vs 
post tDCS stimulation).  The repeated measures ANOVAs for both the behavioral and eye-
tracking data did not include incorrectly named items and outliers (±2SD from the mean).  Ten 
percent of the items were removed for confrontation naming and five percent of the items for six-
digit number naming.  The removal of incorrectly named items and outliers from the eye-
tracking measures was based on our behavioral data (onset of naming latency) in the study itself.  
3.2 Cathodal tDCS Picture Naming Results 
3.2.1 First Fixation Duration (FFD) 
No significant main effects of tDCS, F (1, 11) = 1.940, p = .191, η2 = .150 and brain site 
targeted, F (2, 22) = 1.209, p = .318, η2 = .099 on FFD were found.  A statistically significant 
interaction was noted between tDCS and the brain site targeted, F (2, 22) = 3.835, p = .037, 
partial η2 = .258 (Table 3 and Table 4).  In order to investigate this interaction, post hoc pairwise 
tests employing Bonferroni corrections revealed that participants’ first fixation duration at the a 
prior defined AOI was longer after applying the tDCS over the bilateral ATLs (p = .019) (Table 





effect of tDCS on FFD was not significant when TPJ (p = .885) and MC (p = .917) was 
stimulated.  
3.2.2 Fixation Time 
No significant main effects of tDCS on fixation time, F (1, 11) = .380, p = .550, η2 = .033 
was found but a marginally significant effect of brain site targeted, F (2, 22) = 2.622, p = .095, η2 
= .192 on fixation time was found.  Similar to the effects of tDCS on FFD, a statistically 
significant interaction was noted between tDCS and the brain sites targeted, F (2, 22) = 7.545, p 
= .003, partial η2 = .407 (Table 6 and Table 7).  Post hoc pairwise tests employing Bonferroni 
corrections revealed that participants’ fixated longer on the a priori defined AOI when the tDCS 
was applied over the bilateral ATLs (p = .008) (Table 8 and Figure 7).  Further Cohen’s effect 
size value (d=.93) suggests a high effect size.  The effect of tDCS on fixation time when the 
bilateral TPJ were targeted was not significant (p = .775).  However, a marginally significant 
effect of tDCS on fixation time when tDCS was applied over the bilateral MCs was found (p = 
.086).  
3.2.3 Naming Latency 
No significant main effect of tDCS on naming latency, F (1, 11) = .081, p = .782, η2 = 
.007 was found but a significant effect of brain site for naming latency was found, F (2, 22) = 
4.225, p = .028, partial η2 = .278.  Moreover, the interaction between tDCS and brain site 
targeted was marginally significant, F (2, 22) = 3.369, p = .053, partial η2 = .234 (Table 9 and 
Table 10).  Post hoc comparisons with Bonferroni corrections revealed that when tDCS was 
applied over the bilateral ATLs, the onset of naming was marginally faster (p = .097) (Table 11 





effect of tDCS was observed on naming onset latency when tDCS was applied over the bilateral 
TPJs (p = .981) or bilateral MCs (p = .159).  
3.3 Cathodal tDCS Number Naming Results 
3.3.1 First Fixation Duration (FFD)  
A marginally significant main effect of tDCS, F (1, 11) = 3.752, p = .079, η2 = .254 and 
no significant effect of brain site targeted, F (2, 22) = 1.892, p = .136, η2 = .012 on FFD was 
found.  No significant interaction between tDCS and brain site targeted was noted, F (2, 22) = 
.686, p = .514, η2 = .059 (Table 12 and Figure 9). 
3.3.2 Fixation Time 
No significant main effects of tDCS, F (1, 11) = .023, p =.882, η2 = .002 and brain site 
targeted, F (2, 22) = .190, p = .829, η2 = .017 on fixation time were found.  No significant 
interaction between tDCS and brain site targeted was found, F (2, 22) = .244, p = .785, η2 = .022 
(Table 13 and Figure 10).  
3.3.3 Naming Latency 
A significant main effects of tDCS, F (1, 11) = 5.406, p = .040, η2 = .330 and no significant 
effect of brain site targeted, F (2, 22) = .682, p = .516, η2 = .058 on naming latency was found.  
Crucially, no significant interaction between tDCS and brain site targeted was found, F (2, 22) = 
1.932, p = .169, η2 = .149 (Table 14 and Figure 11). 
3.4 Anodal tDCS Picture Naming Results 
3.4.1 First Fixation Duration (FFD) 
No significant main effects of tDCS, F (1, 11) = .194, p = .668, η2 = .017 and brain site 





between tDCS and brain site targeted was found, F (2, 22) = 1.016, p = .379, η2 = .085 (Table 15 
and Figure 12).   
3.4.2 Fixation Time 
No significant main effects of tDCS, F (1, 11) = .159, p =.698, η2 = .014 and brain site 
targeted, F (2, 22) = 1.881, p = .176, η2 = .146 on fixation time were found.  No significant 
interaction between tDCS and brain site targeted was found, F (2, 22) = .106, p = .900, η2 = .010 
(Table 16 and Figure 13).  
3.4.3 Naming Latencies  
No significant main effects of tDCS, F (1, 11) = 2.520, p = .141, η2 = .186 and brain site 
targeted, F (2, 22) = 2.254, p = .129, η2 = .170 on naming latency were found.  No significant 
interaction between tDCS and brain site targeted was noted, F (2, 22) = .439, p = .650, η2 = .038  
(Table 17 and Figure 14).  
3.5 Anodal tDCS Number Naming Results 
3.5.1 First Fixation Duration (FFD) 
There were no significant main effects of tDCS, F (1, 11) = 2.043, p = .181, η2 = .157 and 
brain site targeted, F (2, 22) = 1.892, p = .175, η2 = .147 on FFD.  However the interaction 
between tDCS and brain site targeted was marginally significant, F (2, 22) = 3.144, p = .063, 
partial η2 = .222.  Post hoc comparisons with Bonferroni corrections revealed that applying tDCS 
over the bilateral ATLs decreased the time spent on the first fixation duration in six-digit number 
naming (p = .006) (Table 18, Table 19, Table 20, and Figure 15).  However, upon further 
examination, a Tukey box-plot revealed that one of the participants (S20) was an outlier in the 





with S20 removed there was no significant interaction between tDCS and brain site targeted, F 
(2, 20) = 2.434, p = .113.  
3.5.2 Fixation Time 
There were no significant main effects of tDCS, F (1, 11) = 2.052, p =.180, η2 = .157 and 
brain site targeted, F (2, 22) = 2.458, p = .176, η2 = .109 on fixation time.  No significant 
interaction between tDCS and brain site targeted was noted, F (2, 22) = .106, p = .858, η2 = .014 
(Table 21 and Figure 16).  
3.5.3 Naming Latency 
A significant main effect of tDCS on naming latency, F (1, 11) = 12.813, p = .004, η2 = 
.538 was found but no significant main effect of brain site targeted it was found, F (2, 22) = 
1.004, p =.383, η2 = .084.  Nor did we find a significant interaction of tDCS and brain site 






Chapter 4: Discussion 
4.1 Introduction 
Confrontation naming is a complex process that involves multiple stages (e.g., visual 
perception, semantic processing, and lexical access) and can be initiated through multiple 
modalities.  In the semantic stage of naming, the conceptual knowledge about the item must be 
accessed from semantic memory.  Semantic memory is the general knowledge we have about 
concepts, words, facts, beliefs, and objects.  Some studies suggest that the bilateral ATLs are 
critical for semantic memory while other studies indicate the necessity of bilateral TPJs.  The 
results of this study support the role of bilateral ATLs in forming semantic representations which 
is critical for the semantic stage of naming.  
4.2 Bilateral ATLs are necessary for the Semantic Stage of Naming 
As discussed in the introductory chapter, the evidence for the role of bilateral ATLs in 
semantic memory comes from SD, as well as evidence from fMRI and TMS in healthy 
populations (Binney et al., 2010; Hodges et al., 2000; Jackson, Lambon Ralph, & Pobric, 2015; 
Pobric et al., 2007).  The bilateral ATLs are proposed to be a transmodal semantic hub that bind 
information from different sensory modalities to create coherent concepts (Patterson et al., 2007; 
Ralph, 2014).  In contrast, other studies do not support the notion of a semantic hub but instead 
suggest that the bilateral ATLs are primarily involved in processing unique entities (Damasio et 
al., 2004; Tranel et al., 1997).  
In order to investigate the necessity of bilateral ATLs and bilateral TPJs in semantic 
memory, transcranial direct stimulation (tDCS) was applied to 24 participants with half the 
participants receiving cathodal tDCS and the other half receiving anodal tDCS.  Transcranial 





MCs.  The bilateral MCs were used as a control since the motor cortex is not implicated in 
semantic memory.  The effects of tDCS were measured using eye-tracking measures (first 
fixation duration (FFD) and fixation time) and naming latency.  After cathodal tDCS over 
bilateral ATLs, FFD and fixation time for confrontation naming increased while confrontation 
naming latency decreased.  In contrast, modulating over the bilateral TPJs had no effect on either 
the FFD and fixation time or naming latency for confrontation naming.  As predicted, there was 
no effect of tDCS on FFD or naming latency for confrontation naming when bilateral MCs were 
modulated2.  These results suggest that the bilateral ATLs are necessary for semantic stage of 
naming since modulating them impacted both eye-tracking and behavioral measures while 
modulating other brain sites did not.  
4.2.1 Cathodal tDCS to Bilateral ATLs Increases First Fixation Duration and Fixation 
Time  
Fixation durations are associated with cognitive processes such as identification and 
recognition.  Longer durations reflect deeper cognitive processing (Holmqvist et al., 2011).  
Measures of the FFD and fixation time were analyzed to understand the impact of tDCS on the 
semantic stage of confrontation naming and six-digit number naming.  After applying cathodal 
tDCS over the bilateral ATLs, individuals’ FFD and fixation time at the relevant areas of interest 
(AOIs) for confrontation naming increased.  Individuals spent more time looking at the relevant 
AOIs for forming a cohesive concept in the semantic memory.  As expected, no effect of 
cathodal tDCS on six-digit number naming was observed.  
The involvement of the ATL in semantic processing occurs around 400ms (Jackson et al., 
2015; Marinkovic et al., 2003; Shimotake et al., 2015).  A recent chronometric TMS study has 
                                               
2However, an effect of cathodal tDCS on fixation time when MC was modulated was found. This is surprising since 
MC is not implicated in semantic memory.  However, since none of the other dependent measures (naming latency 





shown that the left ATL becomes important for semantics at 400ms and 800ms after the stimulus 
onset (Jackson et al., 2015).  The eye-tracking measures in this present study began 
approximately at 400ms and ended at approximately at 800ms; thus the measurements are in the 
line with the time the bilateral ATLs were recruited for semantic processing. 
When the bilateral ATLs were modulated, one may speculate that participants first 
performed a global semantic analysis of the picture, which activated multiple features in the 
semantic memory.  However, since all the features are not needed to form a cohesive concept, 
tDCS optimized the semantic search to focus on the most important features.  For example, when 
looking at a picture of an elephant, not only does the feature ‘animal’ have to be activated but 
other features such as ‘size’, ‘color’ etc.… also have to be activated. In order to produce the 
name ‘elephant’ instead of a superordinate level name (e.g., ‘animal’), key features such as 
‘ivory tusks’ and ‘trunks’ receive more focus.  
Additionally, it is also possible that by focusing longer on the most important features of 
an object other less important features would be activated too.  However, since not all the 
features are required to form a cohesive concept (e.g., elephant habitat e.g., elephant habitat is 
not required to label an elephant ‘elephant’) little focus would be given to secondary features.  
Thus increasing fixation time on AOIs is a form of optimization needed to form a cohesive 
concept, which then leads to more efficient lexical retrieval. The above mentioned evidence thus 
suggests that the increase in fixation duration and fixation time are due to bilateral ATLs being 
integral to semantic memory.  
4.2.2 Cathodal tDCS to Bilateral ATLs Improve Naming Latency 
Modulation over the bilateral ATLs using cathodal tDCS improved confrontation naming 





facilitated downstream processes involved in post-semantic processes (lexical retrieval of 
naming).  As expected no effect of cathodal tDCS was observed on the six-digit number naming 
when the bilateral ATLs were modulated since they are associated with semantic memory and 
not number processing.  These results are in line with Pobric et al. (2007) who found an effect of 
TMS on semantic tasks but no effect on six-digit number naming when the ATL was stimulated. 
Thus our results converge with previous studies (e.g., Binney et al., 2010; Pobric et al., 2007) 
that have shown specific involvement for the bilateral ATLs in semantic tasks compared to non-
semantic tasks such as number naming.  
4.3 The Bilateral ATLs as a Semantic Hub 
The effects of tDCS on the semantic stage of naming when bilateral ATLs were modulated 
provides evidence for the role of bilateral ATLs in semantic memory.  The results add to the 
growing body of evidence from SD as well as TMS and fMRI in healthy populations that 
suggests that the bilateral ATLs are integral to semantic memory (Bozeat et al., 2003; Hodges et 
al., 2000; Lambon Ralph et al., 2009; Pobric et al., 2007; Ralph, Graham, Patterson, & Hodges, 
1999; Rogers et al., 2004; Visser et al., 2010).   
These results can be interpreted within the distributed plus-hub model of semantic memory 
(Ralph, 2014; Patterson et al., 2015; Patterson et al., 2007).  The model says that different 
concepts activate their modality specific regions and the hub binds all the information together to 
form a coherent concept (Ralph, 2014). Evidence for bilateral ATLs as being a semantic hub 
come from SD, fMRI, and TMS which suggests that the bilateral ATLs are involved in semantic 
memory regardless of the input modality (Bozeat et al., 2007; Luzzi et al., 2007; Patterson et al., 
2007). My findings are consistent with this in that eye-tracking measures that reflect semantic 





The effects of tDCS on non-unique entities in the present study and unique entities in 
earlier studies (Pisoni et al., 2015; Ross et al., 2011; Ross & Olson, 2010) can be explained in 
light of the semantic hub model.  According to Patterson et al. (2007) naming specific items such 
as the exact species of birds (e.g., robin) would require the semantic hub to instantiate the ‘robin’ 
representation in a very precise manner.  However, in order to name the same entity as a ‘bird’, 
an exact representation would not be needed since all birds have similar representations 
(Patterson et al., 2007).  Thus it is sufficient to have rudimentary representations of a concept in 
order to name items at less specific levels.  Since my naming task consisted of non-unique 
entities and bilateral ATL modulation impacted both eye-tracking and naming latency measures, 
this would suggest that the bilateral ATLs were involved.  If the bilateral ATLs were only 
involved in unique entities, then there would not have been any impact of tDCS on the outcome 
measures.  
Lastly, additional support for the bilateral ATLs functioning as a hub might also come 
from them being impacted by tDCS.  This would fit within an existing model which proposes 
that modulating the hub could maximize the effect of direct current stimulation and enhance 
functional connectivity with other brain regions (Luft, Pereda, Banissy, & Bhattacharya, 2014). 
The increase in functional connectivity has been suggested to impact behavioral performance 
(Luft et al., 2014).  It is possible that improvement in naming latency in the present study 
occurred due to increased functional connectivity to the verbal speech output system (left IFG). 
One may speculate that the increase in functional connectivity by tDCS only occurred because 
the ATL is a hub with diverse connections (Luft et al., 2014).  
The role of ATL as a semantic hub is further bolstered by its diverse structure and 





gyri, thus making connections to many sensorimotor areas (Wong & Gallate, 2012).  
Furthermore, the left and the right ATL are directly connected via the anterior commissure 
making their interconnectivity important for them being considered a single semantic hub 
(Catani et al., 2002 & Warren et al., 2009). In conlcusion, the impact of tDCS on semantic 
processing when the bilateral ATLs were modulated adds to the evidence that bilateral ATLs are 
a necessary hub of semantic memory and critical for coherent concept formation.  
4.4 The Role of Cathodal tDCS in Improving Naming 
When the bilateral ATLs were targeted, the cathodal tDCS improved naming latencies but 
the anodal tDCS did not have any impact on naming latencies.  These results are surprising since 
the majority of language and cognition tDCS studies in healthy individuals have found anodal 
tDCS improves and cathodal tDCS impairs behavioral performance (see Jacobson et al., 2012; 
Price, McAdams, Grossman, & Hamilton, 2015  for reviews).  However, studies investigating 
behavior and visual perception/attention have not found consistent polarity-specific effects with 
some studies even reporting a facilitatory effect of cathodal tDCS (e.g.,Nozari et al., 2014; 
Pirulli, Fertonani, & Miniussi, 2014). The facilitatory effects of cathodal tDCS seems to be 
related to the timing of stimulation and the types of cognitive activity done during the 
stimulation itself.   
  Binding multiple features to form a cohesive concept is a complex process that activates 
both the optimal and suboptimal neuronal patterns.  Suboptimal neuronal patterns could be 
activated by features that are not essential to form a cohesive concept.  Applying the cathodal 
tDCS may have improved neuronal signal- to-noise ratios (Antal et al., 2004; Moos, Vossel, 
Weidner, Sparing, & Fink, 2012) leading to more efficient conceptual processing due to 





The improvement in naming latencies under cathodal tDCS captures both the semantic 
and lexical retrieval processes which involve areas such as the bilateral ATLs, the posterior 
middle temporal gyri (pMTG) and the left inferior frontal gyrus (IFG).  Hickok and Poeppel in 
their Dual Stream Model (2000 and 2007) proposed that pMTG maps phonological structure of 
words to their meanings and is critical for lexical and semantic integration. Furthermore, the 
temporal poles and pMTG are connected by the inferior longitudinal fasciculus, thus linking the 
semantic and the semantic-lexical integration system.  Geranmayeh et al. (2015) proposed that 
the anterior superior temporal sulcus (antSTS) connects the left ventromedial ATL to the inferior 
frontal gyrus when a name is generated from visual stimuli (Geranmayeh, Leech, & Wise, 2015). 
Since cathodal tDCS likely enhances signal- to-noise ratio and improves communication and 
synchronization with other brain regions (Amadi, Ilie, Johansen-Berg, & Stagg, 2014; Filmer et 
al., 2014; Polanía et al., 2012), the stimulation of the bilateral ATLs may increase 
communication with the left pMTG and left IFG.  The increased efficiency of communication 
and synchronization between the semantic system and the lexical-semantic integration system 
and the lexical retrieval system may lead to improvement in naming latencies. 
The facilitatory effect of cathodal tDCS may also be attributed to the application of 1mA 
of current on bilateral ATLs before the actual task (i.e., off-line stimulation).  Pirulli et al. (2014) 
demonstrated that cathodal tDCS before a visual perceptual learning task improved performance 
compared to the same cathodal tDCS being applied during the task.  Furthermore, the type of 
cognitive activity during modulation can determine whether cathodal tDCS has inhibitory or 
excitatory effects on behavior.  If participants are performing a challenging cognitive activity 
during off-line tDCS, negative effects of cathodal tDCS on behavioral outcomes have been found 





cognitive demands produces facilitatory cathodal effects on behavior (e.g., Nozari et al., 2014).   
In the present study, during off-line tDCS participants engaged in a light conversation that likely 
did not pose high cognitive demands.  Thus different behavioral results are expected.  The 
cathodal tDCS effect on behavior may be attributed to the state of neuronal activation at the 
moment of stimulation (Nozari et al., 2014; Pirulli et al., 2014).   
The time-dependent interaction between tDCS and behavioral outcomes may further be 
explained by homeostatic plasticity (Carvalho et al., 2015; Nozari et al., 2014; Pirulli et al., 
2014).  Homeostatic plasticity is a mechanism that maintains neuronal functions within an 
optimal range if neural networks are destabilized (Müller-Dahlhaus & Ziemann, 2015; 
Turrigiano & Nelson, 2004).  Applying cathodal tDCS before the task may have decreased 
cortical excitability and destabilized the neural network (Pirulli et al., 2014).  Homeostatic 
plasticity would then require that neuronal functioning is maintained and reduce the threshold 
level for facilitatory mechanisms to occur.  The occurrence of facilitatory mechanisms would 
then bring the neuronal network back to optimal level (see Abraham & Bear, 1996 for review).  
The occurrence of facilitatory mechanisms could also target neurons involved in behavioral tasks 
and result in improved performance (Carvalho et al., 2015; Pirulli et al., 2014).  
The effect of cathodal tDCS and not anodal tDCS on both the eye-tracking measures and 
naming latency suggests that cathodal tDCS does impact behavioral tasks.  Furthermore, the 
beneficial effect of cathodal tDCS on behavioral measures adds to the growing body of evidence 
that cathodal tDCS can improve performance.  This can potentially be achieved by improving 
processes such as neuronal signal-to-noise ratio.  Thus statements such as anodal tDCS improves 





4.5 Frontal Lobe or ATL effects? 
Since tDCS has somewhat limited spatial resolution, further investigation was warranted 
to determine whether the significant results were due to bilateral ATLs stimulation or stimulation 
to the frontal lobes more generally.  Frontal lobe regions have been implicated in general 
executive functions such as efficient performance on tasks (e.g., Jurado & Rosselli, 2007).  
Therefore if the results are due to frontal lobe stimulation, then measures assessing executive 
functions (e.g., efficient performance) should be impacted.  
Entry time to the target AOI is seen as a measure of efficiency, with shorter latency times 
reflecting more efficient processes in locating the area of interest (Holmqvist et al., 2011).  Thus 
if the results obtained in the study are due to frontal lobe stimulation then entry times to the AOI 
should be impacted after tDCS application.  However, there was no effect of tDCS on entry time 
to the AOI, t (11) = .182, p = .859 suggesting that the results were due to the bilateral ATLs 
being modulated.  
Another process that could be affected by frontal lobe stimulation is semantic access.  
Semantic access implicates the left inferior gyrus of the frontal lobe (Binder et al., 2009). 
Semantic access is thought of as an executive function mechanism that is important for inhibiting 
irrelevant semantic information so that only relevant information from semantic memory is 
accessed (e.g., Whitney, Kirk, O'Sullivan, Lambon Ralph, & Jefferies, 2010).   
One of the measures used to assess semantic access is semantic neighborhood density.  For 
example, if a name has multiple semantic neighbors (high semantic density-e.g., dog) it should 
take longer to name since multiple irrelevant items have to be inhibited.  On the other hand, 
items with few semantic neighbors (low semantic density-e.g., thimble) should be faster to name 





inferior frontal gyrus stimulation, we should see semantic neighborhood density having an 
impact on the results.   
A high and low semantic density neighborhood groups (SD) were created. The high SD 
group consisted of 6 most semantically dense items and the low SD group consisted of 6 least 
semantically dense items.  A 2 (SD; High and Low items) x 2 (Pre and Post tDCS Stimulation) 
repeated measures ANOVA was used to investigate this effect on FFD, fixation time and naming 
latency.  No significant interaction between semantic density and tDCS was observed, suggesting 
that tDCS did not impact FFD [F (1, 11) = 2.760, p = .125)] fixation time [F (1, 11) = .524, p = 
.484)] or naming onset latency [F (1, 11) = .496, p = .496)].  Thus our post-hoc analyses suggest 
that it was cathodal tDCS over the bilateral ATLs and not the frontal lobe structures that affected 
semantic processing and naming latency.  
4.6 Semantic Memory vs. Semantic Control? 
Classic models of language organization and evidence from fMRI and transcortical sensory 
aphasia implicate the TPJ in semantic memory (A. R. Price, Bonner, & Grossman, 2015; C. J. 
Price, 2000).  However, in the current study, no effects of tDCS were found on either the eye-
tracking measures or naming latency when the bilateral TPJs were targeted. It is possible that we 
did not find any impact of tDCS when TPJ was stimulated because critical areas responsible for 
semantic processing within TPJ were not impacted by enough direct current. One can also 
speculate that the left TPJ is responsible for semantic processing and the right TPJ acts as an 
inhibitory area. Therefore, when the inhibitory right TPJ in tandem with the left TPJ is 
modulated, it would cancel out the effects of the left TPJ because inhibition is increased in the 





but are involved in semantic control (e.g., C. Whitney, Kirk, O'Sullivan, Lambon Ralph, & 
Jefferies, 2011).   
Semantic control is seen as an executive process that directs appropriate responses to 
different semantic tasks.  For example, we may know a lot of facts about elephants but a task 
may demand only the mention of an elephant’s habitat.  Thus irrelevant facts such as that 
elephants have good memories will need to be suppressed so that appropriate responses to the 
task can be given.  This study, however, cannot speak to the role of TPJ in semantic control since 
tasks that assess semantic control were not used.  
4.7 Clinical Implications of tDCS 
It is important to explore how tDCS can be used as a therapeutic device for clinical 
populations.  The major benefits of tDCS are affordability and ease of use.  Neuronal activity can 
be modulated with relatively no side effects (Kuo & Nitsche, 2012; Michael A Nitsche, Kuo, 
Paulus, & Antal, 2015; Woods et al., 2016).  Naming impairments due to degradation of the 
semantic system are common in semantic dementia (Hodges & Patterson, 2007; Reilly, Peelle, 
Antonucci, & Grossman, 2011), Alzheimer’s disease (e.g., Nicholas, Obler, Au, & Albert, 1996), 
and aging populations (e.g., Au et al., 1995; Connor, Spiro, Obler, & Albert, 2004).  The present 
work demonstrates how enhancement of the semantic system through the modulation of the 
bilateral ATLs can improve naming in young adults.  It suggests that tDCS may have value for 
those who are working with patients that have naming impairments due to degradation of the 
semantic memory.   
Additionally, the findings of this study show that specific processes can be targeted for 
improvement (e.g., conceptual processing) without impairing other processes (e.g., executive 





without any negative consequences.  However, it is important to keep in mind that the present 
work was done on healthy young-adult individuals and the neural mechanisms in clinical 
populations may respond differently to tDCS. 
The present work also demonstrates that researchers looking at tDCS for therapeutic 
measures need to move beyond the anodal and cathodal distinction.  There is no clear evidence 
from this study and others (e.g., Moos et al., 2012; Nozari et al., 2014) that anodal tDCS 
modulation improves performance whereas cathodal modulation impairs performance or vice 
versa.  Thus caution is advised when basing studies on the premise that anodal will improve and 
cathodal will impair performance.  The present study also suggests that researchers should 
explore both the cathodal and anodal tDCS to maximize the efficacy of tDCS since working with 
one polarity when testing language and cognition may produce no results.   
4.8 Limitations and Future Research 
The present study did not use individualized computational modelling to predict the 
current flow in the participants.  Recent studies (e.g., Galletta et al., 2015) have shown that 
modeling can provide guidance regarding optimal tDCS montages.  More specifically, 
individual-specific modelling can be used to determine optimal dosage levels of tDCS which 
could provide more consistent results across different tDCS studies (Bestmann et al.,  2015).
 Another possible limitation of the present study is that during offline stimulation there 
was no quantification of the amount of conversation experimenters had with the participants.  
Previous studies suggest that the change in neuronal firing rate by tDCS may impact neurons 
already engaged in an activity (Gill, Shah-Basak, & Hamilton, 2015; Nozari et al., 2014).  It is 
possible that the amount of conversation would alter the effect of tDCS on behavior.  However, 





(Gill et al., 2015; Nozari et al., 2014) and the light conversation or “small talk” that occurred 
during the off-line stimulation is thought not to be a challenging task for healthy participants.    
Additionally tDCS has limited spatial resolution.  It is possible that results obtained in the 
present study are not due to modulation of our target, the bilateral ATLs, being modulated but 
due to modulation of the frontal lobes.  Nevertheless, our post-hoc analysis (see section 4.7), use 
of an active control site, and control task suggest that the results we obtained were due to the 
bilateral ATLs being modulated by tDCS. 
Lastly the right and the left ATL were modulated simultaneously in the present study due 
to the hypothesis that they comprise a single semantic hub. However, it is possible that the left 
and the right ATL contribute differentially to tasks that assess semantic memory (Snowden, 
Thompson, & Neary, 2012).  The present study did not test the individual contributions of the 
left and the right ATL to confrontation naming.  Therefore, in future tDCS studies it would be 
necessary to test the individual contributions of the left and right ATLs as well as the bilateral 
ATLs to different types of confrontation naming.   
In order to test the different contributions of the ATLs to different types of semantic tasks, 
one would modulate the bilateral ATLs simultaneously, as well the left and right ATLs 
individually.  The naming tasks would include a general object naming test, and unique-entity 
naming test (e.g., naming animals and famous faces).  If the bilateral ATLs form a domain 
general semantic hub as suggested in the present study, modulating them would impact all 
naming tasks. However, if the left and the right ATL contribute differentially to different types 
of semantic memory, tDCS would not impact a general naming test but rather the unique entity 
naming test. Furthermore a semantic error-analysis would be conducted to determine what type 





or individually. For example, it is possible that even in a general naming test, individuals would 
have problems naming certain category-specific items when the left ATL is modulated but not 
the right ATL.  This would provide further evidence to the exact role of the ATLs in 
conceptualization.  
Lastly, since tDCS has poor spatial resolution, it is proposed that tDCS be combined with 
fMRI to investigate which ATL areas are being modulated and how it is impacting functional 
connectivity with other areas.  This would strengthen our hypothesis that the present study was 
targeting the semantic system and it was improvement in functional connectivity with the lexical 
system that improved naming latency.  
4.9 Conclusion 
This was a novel study that modulated the bilateral ATLs and used eye-tracking to 
measure the outcome of tDCS.  In doing so, this study found that the bilateral ATLs are involved 
in the semantic stage of naming.  The evidence for the role of bilateral ATLs in semantic 
memory builds upon the evidence from semantic dementia (e.g., Hodges & Patterson, 2007), 
fMRI and TMS in healthy populations (e.g., Binney et al., 2010).  The results could be 
interpreted within the semantic hub account that suggests the bilateral ATLs bind information 
from different sensory modalities to form a cohesive concept (Patterson et al., 2007).  Eye-
tracking measures and naming latency measures were shown to capture differential effects of 
tDCS.  The results add to the growing body of literature that suggests that cathodal tDCS can be 
used to improve behavioral performance in healthy individuals.  The facilitatory effects of 
cathodal tDCS on behavioral performance seems to be related to tDCS being applied offline and 





Fertonani, & Miniussi, 2014). Thus it is suggested that crucial attention be paid to these 
































      
Tingling 3.52 1.05 2.91 0.48 2.25 0.42 
Itching 4.26 0.68 3.38 1.17 2.50 0.67 
Burning 4.26 0.36 1.50 0.39 1.83 0.25 
Pain 1.00 0.09 0.38 0.13 1.04 0.08 
Fatigue 2.52 1.82 1.50 1.52 1.83 1.88 
Nervousness 1.78 0.32 0.50 0.22 0.71 0.08 
Headache 0.96 0.55 0.33 0.70 0.42 0.33 
Difficulty 
Concentrating 
2.41 1.36 1.33 1.30 1.42 1.46 
Mood Change 0.57 0.27 0.54 0.26 0.21 0.33 
Vision/visual 
Perception Change 
0.83 0.53 0.75 0.21 0.21 0.21 
Visual sensation 
change at start/end 
of tDCS 
0.74 n/a 0.46 n/a 0.17 n/a 
Other 0.22 0.00 0.00 0.00 0.08 0 
Sensation intensity was evaluated on a 10 point scale.  0 = no sensation, 5 = moderate sensation 






Table 2 Participants thought they had real (Yes) or sham (No) tDCS 
 Day 1 Day 2 Day 3 
Application of Real or 
Sham tDCS  
   
Subjects Yes  12 18 16 
Subjects No  5 2 3 
Subjects Did not answer  7 4 5 










Table 3 Descriptive Statistics for Picture Naming- Effect of Cathodal tDCS to FFD 
tDCS Mean SD 
Pre ATL 282.1 79.48 
Post ATL 371.1 151.79 
Pre TPJ 291.8 65.36 
Post TPJ 287.7 121.52 
Pre MC 301.9 69.83 
Post MC 298.8 103.46 
ATL = Bilateral Anterior Temporal Lobes, TPJ = Bilateral Temporo-Parietal Junction, MC = 











Square F P η² 
tDCS 13414 1 13414 1.940 .191 .150 
Residual 76068 11 6915    
Site 17271 2 8635 1.209 .318 .099 
Residual 157160 22 7144    
tDCS ✻ Site 34324 2 17162 3.835 .037* .258 
Residual  98465 22 4476    
Note.  * Significant at the .05 level, Type III Sum of Squares 






Table 5 Post-Hoc Pairwise Comparisons for Picture Naming- Effect of Cathodal tDCS on FFD 
     
95% CI 
 











Pre ATL vs. Post ATL  -89.051* 32.491 .019 -160.564 -17.539 .80 
Pre TPJ vs. Post TPJ 4.099 27.723 .885 -56.918 65.116  
Pre MC vs. Post MC  3.057 28.640 .917 -59.978 66.093  
Based on estimated marginal means. 
*.  The mean difference is significant at the .05 Level 
b. Adjustment for multiple comparisons: Bonferroni  






Table 6 Descriptive Statistics for Picture Naming- Effect of Cathodal tDCS on Fixation Time  
tDCS Mean SD 
Pre ATL 392.9 139.89 
Post ATL 490.8 179.47 
Pre TPJ 376.3 72.98 
Post TPJ 387.0 157.57 
Pre MC 423.6 82.66 
Post MC 358.7 107.60 
ATL = Bilateral Anterior Temporal Lobes, TPJ = Bilateral Temporo-Parietal Junction, MC = 











Square F P η² 
tDCS 3822 1 3822 .380 .550 .033 
Residual 110650 11 10059    
Site 50307 2 25153 2.622 .095 .192 
Residual 211051 22 9593    
tDCS ✻ Site 79476 2 39738 7.545 .003* .407 
Residual  115874 22 5267    





Table 8 Post- Hoc Pairwise Comparisons for Picture Naming- Effect of Cathodal tDCS on 
Fixation Time  
     
95% CI 
 











Pre ATL vs. Post ATL  -97.824* 30.406 .008 -164.748 -30.900 .93 
Pre TPJ vs. Post TPJ -10.689 36.459 .775 -90.936 69.557  
Pre MC vs. Post MC  64.801** 34.327 .086 -10.753 140.354 .53 
Based on estimated marginal means. 
*. The mean difference is significant at the .05 level. 
**. The mean difference is significant at the .1 level 
b. Adjustment for multiple comparisons: Bonferroni. 





Table 9 Descriptive Statistics for Picture Naming- Effect of Cathodal tDCS on Naming Latency 
tDCS Mean SD 
Pre ATL 736.8 203.2 
Post ATL 691.4 152.4 
Pre TPJ 686.5 196.1 
Post TPJ 686.9 167.2 
Pre MC 646.1 166.4 
Post MC 680.6 177.6 
ATL = Bilateral Anterior Temporal Lobes, TPJ = Bilateral Temporo-Parietal Junction, MC = 











Square F P η² 
tDCS 221 1 221 .081 .782 .007 
Residual 30191 11 2744    
Site 30936 2 15468 4.225 .028 .278 
Residual 80543 22 3661    
tDCS ✻ Site 19288 2 9644 3.369 .053** .234 
Residual  62969 22 2862    






Table 11 Post- Hoc Pairwise Comparisons for Picture Naming- Effect of Cathodal tDCS on 
Naming Latency 
     
95% CI 
 











Pre ATL vs. Post ATL  45.404** 24.986 .097 -9.590 100.398 .525 
Pre TPJ vs. Post TPJ -.387 16.305 .981 -36.274 35.500  
Pre MC vs. Post MC  -34.496 22.834 .159 -84.753 15.761  
Based on estimated marginal means. 
**. The mean difference is significant at the .1 level 






Table 12 Descriptive Statistics for Number Naming- Effect of Cathodal tDCS on FFD  
tDCS Mean SD 
Pre ATL 391.5 145.4 
Post ATL 379.2 139.9 
Pre TPJ 391.6 156.9 
Post TPJ 356.6 179.2 
Pre MC 412.1 113.3 
Post MC 361.6 116.7 
ATL = Bilateral Anterior Temporal Lobes, TPJ = Bilateral Temporo-Parietal Junction, MC = 






Table 13 Descriptive Statistics for Number Naming- Effect of Cathodal tDCS on Fixation Time  
tDCS Mean SD 
Pre ATL 704.4 325.6 
Post ATL 728.2 294.0 
Pre TPJ 707.9 257.2 
Post TPJ 676.7 281.8 
Pre MC 726.4 287.5 
Post MC 717.5 279.5 
ATL = Bilateral Anterior Temporal Lobes, TPJ = Bilateral Temporo-Parietal Junction, MC = 






Table 14 Descriptive Statistics for Number Naming- Effect of Cathodal tDCS on Naming 
Latency 
tDCS Mean SD 
Pre ATL 626.3 120.34 
Post ATL 582.9 89.29 
Pre TPJ 601.7 106.32 
Post TPJ 572.3 104.48 
Pre MC 613.4 107.90 
Post MC 606.1 136.90 
ATL = Bilateral Anterior Temporal Lobes, TPJ = Bilateral Temporo-Parietal Junction, MC = 






Table 15 Descriptive Statistics for Picture Naming- Effect of Anodal tDCS on FFD  
tDCS Mean SD 
Pre ATL 338.1 132.3 
Post ATL 307.5 118.7 
Pre TPJ 337.9 148.1 
Post TPJ 377.9 169.2 
Pre MC 324.2 134.3 
Post MC 333.6 190.8 
ATL = Bilateral Anterior Temporal Lobes, TPJ = Bilateral Temporo-Parietal Junction, MC = 






Table 16 Descriptive Statistics for Picture Naming- Effect of Anodal tDCS on Fixation Time  
tDCS Mean SD 
Pre ATL 436.8 172.2 
Post ATL 429.3 187.5 
Pre TPJ 464.9 176.4 
Post TPJ 474.5 222.1 
Pre MC 439.8 197.9 
Post MC 413.5 187.1 
ATL = Bilateral Anterior Temporal Lobes, TPJ = Bilateral Temporo-Parietal Junction, MC = 






Table 17 Descriptive Statistics for Picture Naming- Effect of Anodal tDCS on Naming Latency 
tDCS Mean SD 
Pre ATL 665.8 98.63 
Post ATL 673.2 129.12 
Pre TPJ 690.0 135.34 
Post TPJ 659.2 133.95 
Pre MC 648.0 129.12 
Post MC 619.7 80.54 
ATL = Bilateral Anterior Temporal Lobes, TPJ = Bilateral Temporo-Parietal Junction, MC = 






Table 18 Descriptive Statistics for Number Naming- Effect of Anodal tDCS on FFD  
tDCS Mean SD 
Pre ATL 457.0 159.25 
Post ATL 329.4 128.20 
Pre TPJ 350.6 134.01 
Post TPJ 368.0 191.64 
Pre MC 343.4 94.18 
Post MC 350.3 134.62 
ATL = Bilateral Anterior Temporal Lobes, TPJ = Bilateral Temporo-Parietal Junction, MC = 










Square F P η² 
tDCS 21352 1 21352 2.043 .181 .157 
Residual 114939 11 10449    
Site 27591 2 13796 1.892 .175 .147 
Residual 160435 22 7292    
tDCS ✻ Site 78423 2 39211 3.144 .063** .222 
Residual  274379 22 12472    
Note.  ** Significant at the .1 level, Type III Sum of Squares 





Table 20 Post-Hoc Pairwise Comparisons  for Number Naming- Effect of Anodal tDCS on FFD  
     
95% CI 
 











Pre ATL vs. Post ATL  127.590* 37.833 .006 44.321 210.859 .974 
Pre TPJ vs. Post TPJ -17.394 57.108 .766 -143.088 108.300  
Pre MC vs. Post MC  -6.872 34.729 .847 -83.310 69.566  
Based on estimated marginal means. 
*.  The mean difference is significant at the .05 Level 
b. Adjustment for multiple comparisons: Bonferroni  






Table 21 Descriptive Statistics for Number Naming- Effect of Anodal tDCS on Fixation Time  
tDCS Mean SD 
Pre ATL 751.5 211.6 
Post ATL 670.7 213.9 
Pre TPJ 629.3 191.8 
Post TPJ 597.0 281.8 
Pre MC 657.4 227.5 
Post MC 615.8 268.3 
ATL = Bilateral Anterior Temporal Lobes, TPJ = Bilateral Temporo-Parietal Junction, MC = 






Table 22 Descriptive Statistics for Number Naming- Effect of Anodal tDCS on Naming Latency 
tDCS Mean SD 
Pre ATL 666.5 116.66 
Post ATL 611.8 105.08 
Pre TPJ 678.1 185.22 
Post TPJ 602.8 109.31 
Pre MC 627.8 125.93 
Post MC 598.6 96.99 
ATL = Bilateral Anterior Temporal Lobes, TPJ = Bilateral Temporo-Parietal Junction, MC = 











Lichtheim's diagram of the language system. A, Wernicke's area; B, concept center; M, Broca's 






Figure 2 Sample Procedure for Area of Interest Creation  
Step 1 Gridded AOIs:-  red box reflects the area where most gaze duration occurred 
Step 2 Heat Maps:  - red area reflects the region where most of the fixation time was spent 






Figure 3 The Distributed-Plus model of Conceptualization.   
 
The Distributed-Plus model of Conceptualization.  In this model, the ATL acts a central 
transmodal hub which binds information from various modality specific regions to form a 
















Figure 4 Wernicke-Meynert model of conceptualization  
 
















Figure 5 Computation Model of Current Flow in tDCS Montages 
  
 
Modelling of Current flow by HD-Explore 3.1.  White arrows indicate the cortical sites targeted.  
Small black arrows within slices indicate the direction of the current flow.  More intense red 
color within slices reflects more electric field intensity. = Target electrodes Cathode (1mA),  







Figure 6 Effect of Cathodal tDCS on FFD Picture Naming 
 
Each bar represents the mean first fixation duration for different conditions.  Error bars represent 
95% CI.  All the error bars have been fixed to reflect within-subject variance (See O’Brien & 






Figure 7 Effect of Cathodal tDCS on Fixation Time Picture Naming 
 
Each bar represents the mean fixation time for different conditions.  Error bars represent 95% CI.  






Figure 8 Effect of Cathodal tDCS on Picture Naming Latency 
 
Each bar represents the mean naming latency for different conditions.  Error bars represent 95% 







Figure 9 Effect of Cathodal tDCS on FFD Number Naming 
 
Each bar represents the mean first fixation duration for different conditions.  Error bars represent 







Figure 10 Effect of Cathodal tDCS on Fixation Time Number Naming 
 
Each bar represents the mean fixation time for different conditions.  Error bars represent 95% CI.  







Figure 11 Effect of Cathodal tDCS on Number Naming Latency 
 
Each bar represents the mean number naming latency for different conditions.  Error bars 
represent 95% CI.  All the error bars have been fixed to reflect within-subject variance (See 






Figure 12 Effect of Anodal tDCS on FFD Picture Naming 
 
Each bar represents the mean first fixation duration for different conditions.  Error bars represent 







Figure 13 Effect of Anodal tDCS on Fixation Time Picture Naming 
 
Each bar represents the mean fixation time for different conditions.  Error bars represent 95% CI.  







Figure 14 Effect of Anodal tDCS on Picture Naming Latency  
 
Each bar represents the mean naming latency for different conditions.  Error bars represent 95% 







Figure 15 Effect of Anodal tDCS on FFD Number Naming 
 
Each bar represents the mean first fixation duration for different conditions.  Error bars represent 







Figure 16 Effect of Anodal tDCS on Fixation Time Number Naming 
 
Each bar represents the mean fixation time for different conditions.  Error bars represent 95% CI.  







Figure 17 Effect of Anodal tDCS on Number Naming Latency 
 
Each bar represents the mean number naming latency for different conditions.  Error bars 
represent 95% CI.  All the error bars have been fixed to reflect within-subject variance (See 






Appendix A: Participant Intake Form 
Experiment title:___________________________________ 
Participant’s last name______________________________ 
Participant’s number/identifier_________________________ 
Examiner name____________________________________ 
Today’s Date:_____________________________________  
 
 
Thank you for agreeing to participate in our experiment. We hope that you enjoy the experience.  
In addition to your consent, we also need to gather some basic demographic information.  These 
data will be kept in a locked file cabinet and will be shared with nobody other than the study 
coordinator.    
 
 
Part 1.  Demographic History            
 
Last Name:      First Name:      
 
Address:             
 
City:       State:   Zip Code:    
Home Phone: ( )    Work Phone: (  )    
Gender:    M      F   Date of Birth:   / /         Age: __________ 
Educational Level (circle one): 
1.    < or = 8th grade 5.    HS plus some college 9.     MS  or MA 
2.    9 - 11 6.    2 year degree 10.   PhD / MD / JD 
3.    HS grad / GED 7.    4 year degree 11.   other: _____________ 
4.    trade school 8.    4 + some grad school 12.   unknown 
 
 
Do you only speak English?   Yes      No      Don’t Know 
 If No, What additional languages do you speak?      
 





 If No, how many years have you been speaking English?      
 
 
Would you like to be contacted for future studies?   Yes      No 
 
Part 2.  Medical History & Handedness  
Do you wear glasses?   Yes    No 
Do you have difficulty hearing?    Yes    No 
 If yes, do you wear a hearing aid? Bilateral/Right/Left/NA 
Did you need any special assistance in school with respect to reading, writing, or any other 
aspect of learning?    Yes    No 
            
Do you have a history of ADD or ADHD:   Yes      No      Don’t Know 
Have you suffered a past head injury or loss consciousness for a prolonged period?   Yes   
No 












Writing      
Throwing      
Toothbrush      










Appendix B: tDCS Induced Sensation Questionnaire 
Subject ID_____________________  Testing Date_____________________ 
Study_________________________  Lead Investigator_________________ 
 
To What extent did you experience these symptoms DURING tDCS: 
Tingling:  
0 not at all 10 to a high degree 
Where: 
Itching: 
0 not at all 10 to a high degree 
Where: 
Burning Sensation: 
0 not at all 10 to a high degree 
Where: 
Pain: 
0 not at all 10 to a high degree 
Where: 
Fatigue 
0 not at all 10 to a high degree 
Where: 
Nervousness: 







0 not at all 10 to a high degree 
Where: 
Difficulty concentrating: 
0 not at all 10 to a high degree 
Where: 
Mood Change: 
0 not at all 10 to a high degree 
Where: 
Change in your vision/visual perception: 
0 not at all 10 to a high degree 
Where: 
Visual sensation (seeing lights for example) 
associated with the start of end of stimulation: 
0 not at all 10 to a high degree 
Where: 
Other effect- Please describe: 
1. 0 not at all 10 to a high degree 
Where: 
2. 0 not at all 10 to a high degree 
Where: 
To What extent did you experience these symptoms After tDCS: 
Tingling:  







0 not at all 10 to a high degree 
Where: 
Burning Sensation: 
0 not at all 10 to a high degree 
Where: 
Pain: 
0 not at all 10 to a high degree 
Where: 
Fatigue 
0 not at all 10 to a high degree 
Where: 
Nervousness: 
0 not at all 10 to a high degree 
Where: 
Headache: 
0 not at all 10 to a high degree 
Where: 
Difficulty concentrating: 
0 not at all 10 to a high degree 
Where: 
Mood Change: 
0 not at all 10 to a high degree 
Where: 
Change in your vision/visual perception: 






Other effect- Please Describe: 
3. 0 not at all 10 to a high degree 
Where: 
4. 0 not at all 10 to a high degree 
Where: 
**To be completed at the end of the experiment (final visit day)** 
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